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This  report  presents  the  results  of  research  conducted  by  Austin  Research 
Engineers,  Inc.,  for  the  Federal  Highway  Administration  (FHWA),  Office  of 
Research,  under  contract  DOT-FH-1 1-9393.  This  research  study  was  part  of 
FCP  Project  5D,  "Structural  Rehabilitation  of  Pavement  Systems." 
Regression  Analyses,  Markov  Processes,  Bayesian  Analysis,  and  Utility 
Theory  were  examined  as  analytical  tools  useful  in  relating  distress  to 
performance.  Available  field  data  on  all  types  of  pavement  distress  were 
correlated  with  several  forms  of  pavement  performance  to  try  to  define 
meaningful  relationships.  Several  specific  performance  models  of  limited 
applicability  are  reported,  along  with  some  generally  applicable  tech- 
niques and  recommended  methods. 

Copies  of  the  report  are  being  distributed  by  memorandum  to  individual 
researchers.  Additional  copies  may  be  obtained  from  the  National 
Technical  Information  Service,  5285  Port  Royal  Road,  Springfield, 
Virginia  22161. 


Charles  F.  Scheff eyy 
Director,  Office  ofj^Research 
Federal  Highway  Administration 


NOTICE 


This  document  is  disseminated  under  the  sponsorship  of  the  Department  of 
Transportation  in  the  interest  of  information  exchange.   The  United 
States  Government  assumes  no  liability  for  its  contents  or  use  thereof. 

The  contents  of  this  report  reflect  the  views  of  the  authors,  who  are 
responsible  for  the  facts  and  the  accuracy  of  the  data  presented  herein. 
The  contents  do  not  necessarily  reflect  the  official  views  or  policy  of 
the  Department  of  Transportation. 

This  report  does  not  constitute  a  standard,  specification,  or  regulation. 

The  United  States  Government  does  not  endorse  products  or  manufacturers. 
Trademarks  or  manufacturers'  names  appear  herein  only  because  they  are 
considered  essential  to  the  object  of  this  document. 


£^2~ 


O-sO 


Technical  Report  Documentation  Page 


1.     Report  No. 

FHWA/RD-80/098 


2.     Government  Accession  Nc 


3.     Recipient's  Catalog  No. 


4.     Title  and  Subtitle 

y 

RELATING  PAVEMENT  DISTRESS  TO 
SERVICEABILITY  AND  PERFORMANCE 


5.  Report  Date 


February  1981 


6.     Performing  Organizotion  Code 


7.     Author's) 

W.R.    Hudson,    F.N.    Finn,    R'.D.    Pedigo,    F.L.    Roberts 


8.     Performing  Organization  Report  No. 


9.     Performing  Organization  Nome  and  Address 

Austin  Research  Engineers  Inc, 
2600  Dellana  Lane 
Austin,  Texas  73746 


10.     Work  Unit  No.  (TRAIS) 

FCP   35D1-282 


11.     Controct  or  Grant  No. 

DOT-FH-11-9393 


12.     Sponsoring  Agency  Nome  and  Address 

Federal  Highway  Administration 
Offices  of  Research  and  Development 
Washington,  D.  C.  20590 


13.     Type  of  Report  ond  Period  Covered 


Final   Report 


I4j    Sponsoring  Agency  Code 

80  11  16 


15.    Supplementary  Notes 

Mr.  Richard  A.  McComb 
FHWA  Contract  Manager 
HRS-14 


16.    Abstract 

In  1970  an  FHWA  Workshop  defined  major  problems  relating  to  improved  pavements. 
The  number  one  problem  cited  was  the  problem  of  relating  pavement  distress  to  pavement 
performance  in  an  understandable  predictable  way.   This  report  examines  available  data 
on  all  types  of  pavement  distress  and  on  several  forms  of  pavement  performance  to  de- 
fine meaningful  relationships.   Regression  analyses,  Markov  Processes,  Bayesian  Analysis 
and  Utility  theory  are  examined  as  analytical  tools  useful  in  relating  distress  to  per- 
formance.  Several  specific  performance  models  of  limited  applicability  are  reported, 
along  with  soma  generally  applicable  techniques  and  recommended  methods. 


This  study  shows  that  useful  relationships  can  be  obta 
are,  in  fact,  being  used  in  several  states  and  other  highway 
however,  it  is  shown  that  significant  improvements  in  the  d 
tionships  are  needed  which  can  only  be  obtained  through  the 
of  distress  and  performance  of  pavements  under  a  variety  of 
conditions  for  a  reasonable  period  of  time.  e.g.  (approximat 
suggestions  and  recommendations  for  improvement  are  includec 


^a 


ed   from   existing   data   and 

a£encies.  In   |ach  case, 

~)F  , 


^ftWncn  rela- 


lental   and 


st 

CO1 

envirqnmenta.1   a 

elyJUlVylar^ 

in   the   study. 

':-      LIBRARY 


si  ;rvation 


load 


Several 


17.    Key  Words 

pavement,    performance,    pavement    distress, 
pavement  models,    pavement   management 


18.    Distribution  Stotement 

No  restrictions.   This  document  is 
available  to  the  public  through  the 
National  Technical  Information 
Service,  Springfield,  Va.   22161 


19.     Security  Clossif,  (of  this  report) 

UNCLASSIFIED 


20.     Security  Clossif.  (of  this  poge) 

UNCLASSIFIED 


21*  No.  of  Pages 

271 


22.    Price 


Form  DOT:  F  1700.7    (8-72) 


Reproduction  of  completed  page  authorized 


TABLE  OF  CONTENTS 

Page 

LIST  OF  FIGURES vii 

LIST  OF  TABLES xii 

CHAPTER  1.   INTRODUCTION 1 

DISTRESS/PERFORMANCE  PROBLEM  1 

Distress  Development   4 

Current  Performance  Methodologies  5 

OBJECTIVES  8 

SCOPE 8 

RESEARCH  APPROACH   8 

Advisory  Panel  Review  9 

Catalogue  Pavement  Distress  9 

Define  Typical  Distress  and  Serviceability 

Performance  Development  Patterns   10 

Evaluation  and  Implementation  of  Methodologies   ....  10 

REPORT  ORGANIZATION   12 

CHAPTER  2.   PAVEMENT  DISTRESS  AND  PERFORMANCE  MEASURES   13 

DEFINITION  OF  TERMS 13 

PAVEMENT  DISTRESS   14 

Comprehensive  Distress  Listings  14 

Selection  of  Distress  Types  for  Further  Study  15 

PAVEMENT  SERVICEABILITY  AND  PERFORMANCE   18 

Pavement  Serviceability  18 

Pavement  Performance   20 

EVALUATION  OF  EXISTING  MECHANISTIC  DISTRESS  MODELS  21 


XI 


TABLE  OF  CONTENTS  (continued) 

Page 

CHAPTER  3.   DATA  COLLECTION 24 

SPECIAL  RESEARCH  STUDIES  24 

AASHO  Road  Test 24 

Brampton  Test  Road 30 

TTI  Data  Base 30 

STATE  TRANSPORTATION  AGENCIES   30 

Washington 30 

Utah 39 

Minnesota 39 

Illinois 46 

Georgia 46 

PUBLISHED  REPORTS   54 

CHAPTER  4.   GENERAL  DISTRESS  TO  PERFORMANCE  RELATIONSHIPS  ....  55 

BASIC  SEQUENCE  OF  PAVEMENT  DISTRESS  DEVELOPMENT   55 

Secondary  Distresses   58 

DISTRESS  AND  SERVICEABILITY  PATTERNS  61 

Flexible  Pavement  61 

Rigid  Pavements 67 

CHAPTER  5.   DATA  ANALYSIS  AND  MODELING 72 

VERIFICATION  OF  DISTRESS  AND  PERFORMANCE  PATTERNS   72 

Flexible  Pavement  Patterns   72 

Rigid  Pavement  Patterns  75 

TIME  INDEPENDENT  DISTRESS/SERVICEABILITY  RELATIONSHIPS  ...  76 

Flexible  Pavement  Models   76 

Rigid  Pavement  Models 92 

TIME  DEPENDENT  DISTRESS/SERVICEABILITY  RELATIONSHIPS  ....  113 


in 


TABLE  OF  CONTENTS  (continued) 


Page 

Flexible  Pavements   115 

Rigid  Pavements 124 


CHAPTER  6.   RELATED  FINDINGS   135 

DATA  REQUIREMENTS  FOR  PERFORMANCE  MODELING  135 

"Ideal"  Experiment  Design  138 

Analyses 143 

Other  Design  Approaches  145 

PERFORMANCE  MODEL  REQUIREMENTS  FOR  PAVEMENT  MANAGEMENT  .  .  .145 

STOCHASTIC  SERVICEABILITY  DETERIORATION  MODEL  FOR  RIGID 

PAVEMENTS 147 

TOWARD  AN  OVERALL  MEASURE  OF  PAVEMENT  PERFORMANCE   157 

Utility  Theory   158 

Unique  Sums 160 

CHAPTER  7.   RECOMMENDATIONS 164 

SIGNIFICANT  PROBLEMS  ENCOUNTERED  164 

Pavement  Condition  Variables   165 

Time  Effects 166 

Serviceability  or  Roughness  Measurements  and 

Calibration 166 

Overall  Performance  Concepts   168 

RECOMMENDATIONS   169 

Research  Problem  Statement  1.  Pavement  Perfor- 
mance Models  Using  Combined  Data  from  Accelerated 
Pavement  Testing  and  Long-Term  Field  Performance 

Observations   169 

Research  Problem  Statement  2.   Long-Term  Pavement 

Observations  for  Pavement  Management  Systems   ....  170 

Problem  Statement  3.   Improved  Serviceability 

Measurements  and  Roughness  Calibration  Technique   .  .  171 

Problem  Statement  4.   Coordination  of  Activities 
Over  a  Range  of  Environment,  Load,  Materials, 

and  Other  Factors 172 


IV 


TABLE  OF  CONTENTS  (continued) 

Page 
SUMMARY 173 

APPENDIX  A.   DEFINITION  OF  TERMS 175 


APPENDIX  B.   SELECTION  OF  PAVEMENT  DISTRESS  TYPES  FOR  FURTHER 

STUDY 178 


APPENDIX  C.   EVALUATION  OF  DISTRESS  MODELS   201 

FLEXIBLE  PAVEMENT   201 

Rutting 202 

Fatigue 206 

Low  Temperature  Cracking   212 

JOINTED  CONCRETE  PAVEMENT   213 

Serviceability  Performance  Analysis  213 

Fatigue  Damage  Analysis  215 

CONTINUOUSLY  REINFORCED  CONCRETE  PAVEMENT   220 

Fatigue  Analysis   222 

Low  Temperature  and  Shrinkage  Cracking   223 

JOINTED  REINFORCED  CONCRETE  PAVEMENT  226 

Low  Temperature  and  Shrinkage  Cracking   227 

SUMMARY  OF  MODEL  STUDY  RESULTS  230 


APPENDIX  D.   EXPANDED  SEQUENCE  OF  DEVELOPMENT  FOR  SELECTED 

DISTRESSES 231 

Flexible  Pavement  Distress   231 

Composite  Pavement  Distress  231 

Rigid  Pavement  Distress  231 


REFERENCES 249 


v 


LIST  OF  FIGURES 


Figure  No.  Page 

1  Schematic  sketch  of  scope  of  the  research  study  on 
relating  pavement  distress  to  performance  2 

2  Simplified  block  diagram  of  the  pavement  system  (after 

Ref.  20)   3 

3  Potential  distress  and  serviceability  patterns   11 

4  Example  flexible  pavement  performance  record  AASHO  Road 

Test 25 

5  Example  rigid  pavement  performance  record,  AASHO  Road 

Test 26 

6  Example  distress  index  (DI)  plot,  Brampton  Test  Road   .  .  31 

7  Example  rut  depth  plot,  Brampton  Test  Road   32 

8  Example  riding  comfort  rating  (RCR)  plot,  Brampton  Test 

Road 33 

9  Example  flexible  pavement  data  record,  TTI  Data  Base   .  .  36 

10  Example  composite  pavement  data  record,  TTI  Data  Base  .  .  37 

11  Example  pavement  condition  history,  Utah   43 

12  Example  pavement  performance  summary,  Utah   44 

13  Example  summary  sheet,  Minnesota   47 

14  Sample  summary  sheet,  Rehabilitated  AASHO  Test  Road, 
Illinois 50 

15  Basic  distress  sequence  ->6 

16  Development  of  fatigue  cracking  in  an  asphalt  concrete 
pavement -" 

17  Increased  fatigue  cracking  (secondary  distress)  in  an 
asphalt  concrete  pavement  due  to  moisture  infiltration  .  59 

18  Increased  fatigue  cracking  (secondary  distress)  in  an 
asphalt  concrete  pavement  due  to  pumping  erosion   ....  "^ 


VI 


LIST  OF  FIGURES  (continued) 


Figure  No.  Page 

19  Distress  and  serviceability  history  patterns, 

flexible  pavements  62 

20  Flexible  pavement  history   63 

21  Flexible  pavement  distress/serviceability  history  with 
rutting  as  the  primary  distress   65 

22  Flexible  pavement  distress/serviceability  history  with 
fatigue  cracking  as  the  primary  distress  66 

23  Distress  and  serviceability  history  patterns,  rigid 
pavements 68 

24  Rigid  pavement  history,  CROP  69 

25  Primary  pattern  of  serviceability  history,  Minnesota  ...  74 

26  "PSR"  as  a  function  of  rutting,  Minnesota   77 

27  "PSI"  as  a  function  of  rutting,  Minnesota   78 

28  "PSR"  versus  "PSI",  Minnesota   80 

29  "PSR"  versus  rut  depth  for  those  sections  with  C  +  P  >  50, 
Minnesota 81 

30  Riding  comfort  versus  rut  depth,  Brampton   82 

31  Bump  count  levels  for  alligator  cracking  of  severity  1 

and  extent  1,  Washington 84 

32  Serviceability  and  transverse  cracking  history,  rehabil- 
itated AASHO  Test  Road  section  076 93 

33  Serviceability  and  transverse  cracking  history,  rehabil- 
itated AASHO  Test  Road  section  404 94 

34  Serviceability  and  transverse  cracking  history,  rehabili- 
tated AASHO  Test  Road  section  338 95 

35  PSR  as  a  function  of  transverse  cracking,  CRC  pavement  .  .   97 

36  Change  in  serviceability  versus  change  in  major  cracking 

for  selected  rigid  pavement  section,  AASHO  Road  Test  ...   99 


vxx 


LIST  OF  FIGURES  (continued) 


Figure  No.  Page 

37  Serviceability  related  to  "D"  cracking,  rehabilitated 

AASHO  Test  Road 101 

38  PSI  versus  joint  faulting  for  pavement  with  average 
faulting  exceeding  0.16  inches,  rehabilitated  AASHO 

Test  Road 103 

39  PSR  versus  joint  faulting  for  moderately  or  severely 
faulted  pavements  (Ref.  60)  105 

40  Serviceability  versus  major  spalling,  rehabilitated 

AASHO  Test  Road 107 

41  Rutting  as  a  function  of  time,  Minnesota  section  14  .  .  .  116 

42  Cracking  plus  patching  (C  +  P)  as  a  function  of  time, 
Minnesota  section  31   117 

43  PSI  as  a  function  of  time,  Minnesota  section  6 118 

44  Distress  and  serviceability  history,  Texas  section  704   .  119 

45  Distress  and  serviceability  history,  Texas  section  220   .  120 

46  Distress  and  serviceability  history,  Texas  section  1030  .  121 

47  Delay  between  onset  of  cracking  and  terminal  service- 
ability, AASHO  Road  Test  loops  4,  5,  6  flexible  pave- 
ment    123 

48  Delay  between  onset  of  major  cracking  and  terminal  ser- 
viceability, AASHO  Road  Test  loops  4,  5,  6,  flexible 
pavements 125 

49  Delay  between  onset  of  cracking  and  terminal  service- 
ability, AASHO  Road  Test  Loop  3,  rigid  pavement 126 

50  Delay  between  onset  of  cracking  and  a  serviceability 

of  3.0,  AASHO  Road  Test  loop  3,  rigid  pavement 127 

51  Delay  between  damage  index  exceeding  100  and  terminal 
serviceability,  AASHO  Road  Test  loop  3,  rigid  pavement   .  128 

52  Influence  of  environmental  factors  on  rigid  pavement 
serviceability,  AASHO  Road  Test 129 


vixi 


LIST  OF  FIGURES  (continued) 


Figure  No.  Page 

53  Riding  quality  versus  accumulated  load  for  severe 

Texas  CRCP  sections 130 

54  Riding  quality  versus  failures  per  mile  for  severe  Texas 
CRCP  sections 131 

55  Comparison  of  predicted  (equation  17)  and  observed 
serviceability  histories,  rehabilitated  AASHO  Test 

Road  section  350 134 

56  "Ideal"  experiment  design  using  15  factors  in  8  blocks 
(after  Ref .  62) 141 

57  Serviceability  history  using  a  normalized  service  life 

time  scale,  AASHO  Road  Test  rigid  pavements  149 

58  Predicted  serviceability  history  based  on  stochastic 
version  of  Equation  19 151 

59  Relationship  between  utility  value  and  cracking  or  ser- 
viceability for  example  problem 159 

60  VESYS  IIM  pavement  analysis  and  design  system  (Ref.  30)  .  203 

61  Normal  predictability  density  function  used  to  predict 

area  cracked  (Ref.  30)   208 

62  Predicted  vs.  actual  equivalent  80  kN  (18-kip)  single 
axle  load  applications  using  AASHO  equation  and  16 
years  data  from  AASHO  Road  Test  site  (1958-1974) 

(Ref.  8)   216 

63  Accuracy  of  new  design  Eq.  10  (Ref.  8)   217 

64  Serviceability/performance  zero-maintenance  design  chart 

for  plain  jointed  concrete  pavement  (Ref.  8)   218 

65  Effect  of  fatigue  "damage"  on  cracking  of  PCC  plain 
jointed  concrete  pavements  (Ref.  8)  221 

66  Continuously  reinforced  concrete  pavement  geometric 

model  (Ref.  36) 224 

67  Behavior  of  a  reinforced  slab  subjected  to  temperature 

drop  (Ref.  36)   225 


IX 


LIST  OF  FIGURES  (continued) 

Figure  No.  Page 

68  Crack  occurrence  in  a  JRC  slab  (Ref.  38) 228 

69  Fatigue  cracking  development  in  an  asphalt  concrete 
pavement  structure  (after  Ref.  59)  .....  232 

70  Rutting  development  in  an  asphalt  concrete  pavement 
structure  (after  Ref.  59)   234 

71  Low-temperature  cracking  development  in  an  asphalt  con- 
crete pavement  structure  (after  Ref.  59)  235 

72  Reflection  cracking  development  in  a  composite  pavement 
structure  (after  Ref.  59)   236 

73  Fatigue  cracking  development  in  a  composite  pavement 
structure  (after  Ref.  59)   237 

74  Rutting  development  in  a  composite  pavement  structure 

(after  Ref .  59)   239 

75  Low- temperature  and  shrinkage  cracking  development  in  a 

PCC  pavement  structure  241 

76  Development  of  joint  and  crack  surface  spalling  in  JCP 

and  JRCP  structures 242 

77  Development  of  crack  spalling  in  CRCP  structures  243 

78  Development  of  faulting  at  a  joint  or  crack  in  a  PCC  pave- 
ment structure 244 

79  Fatigue  cracking  development  in  a  PCC  pavement  structure  .  245 

80  Development  of  D-cracking  in  a  PCC  pavement  structure   .  .  247 

81  Development  of  punchouts  in  CRCP  structures 248 


LIST  OF  TABLES 

Table  No.  Page 

1  Priority  ranking  of  significant  distresses  selected 

for  further  study  (Ref .  23) 16 

2  Priority  ranking  of  significant  distresses  selected  ...  19 

3  Summary  of  models 22 

4  Example  AASHO  Road  Test  data  file 27 

5  Flexible  pavement  variables,  AASHO  Road  Test   28 

6  Rigid  pavement  variables,  AASHO  Road  Test  29 

7  Example  pavement  condition  record,  Brampton  Test  Road  .  .  34 

8  Flexible  pavement  variables,  Brampton  Test  Road  35 

9  Flexible  and  composite  pavement  variables,  TTI  Data 

Base 38 

10  Example  flexible  pavement  master  file  listing,  Wash- 
ington DOT 40 

11  Example  rigid  pavement  master  file  listing,  Washing- 
ton DOT 41 

12  Flexible  pavement  variables,  Washington  DOT  42 

13  Rigid  pavement  variables,  Washington  DOT   42 

14  Flexible  pavement  variables,  Utah  45 

15  Portion  of  data  record  from  summary  sheet,  Minnesota   .  .  48 

16  Flexible  pavement  variables ,  Minnesota   49 

17  Partial  data  record,  rehabilitated  AASHO  Test  Road, 
Illinois 51 

18  Rigid  pavement  variables,  rehabilitated  AASHO  Test  Road, 
Illinois 52 

19  Rigid  pavement  variables,  Georgia  53 


XI 


LIST  OF  TABLES  (continued) 


Table  No.  Page 

20  Transformed  variables  for  multiple  regression, 
Minnesota 85 

21  Results  of  stepwise  regression,  Minnesota,  PSI 
equation 87 

22  Results  of  stepwise  regression,  Minnesota,  PSR 
equation 88 

23  Results  of  stepwise  regression  by  gravel  equivalent 
class,  Minnesota,  PSI  equation   90 

24  Results  of  stepwise  regression  by  gravel  equivalent 
class,  Minnesota,  PSR  equation   91 

25  Bump  count  values  for  moderate  and  severe  cracking, 
Washington  rigid  pavements   96 

26  Serviceability  related  to  major  cracking,  AASHO  Road 
Test  rigid  pavements 100 

27  Bump  counts  by  level  of  faulting,  Washington  rigid 
pavements 104 

28  Bump  counts  by  level  of  joint  spalling,  Washington 
rigid  pavements . 106 

29  Data  for  49  selected  rigid  pavements  (Ref .  3)  .  .  .  .  109 

30  Rigid  pavement  variables  examined  by  Program 

ALLRSQ   110 

31  Combinations  of  rigid  pavement  variables  selected 

by  Program  ALLRSQ  for  use  in  Program  FIXREG  Ill 

32  Statistical  analysis  results  for  rigid  pavement  from 
Program  FIXREG   112 

33  Analysis  of  variance  for  lack  of  fit,  Equations  11 

and  12 114 

34  Potential  factors  to  be  included  in  the  design  of  an 
ideal  experiment  to  collect  data  for  pavement  per- 
formance modeling  140 


xn 


LIST  OF  TABLES  (continued) 


Table  No.  Page 

35  Additional  treatment  combinations  needed  to  inves- 
tigate curvature  in  the  "ideal"  experiment  142 

36  List  of  possible  pavement  serviceability  states  for 
Markov  model  153 

37  Transition  probability  matrix  for  Markov  example 
problem 154 

38  Initial  state  specification  for  PSI  =  4.5,  a  =  0.1  .   156 

39  Unique  sum  categorization  for  three  attributes 

with  four  levels  (after  Ref .  72) 162 

40  Unique  sum  categorization  for  four  attributes 

with  four  levels 163 

41  Flexible  pavement  distress  (Ref.  21)  179 

42  Rigid  pavement  distress  (Ref.  21)   181 

43  Summary  of  distress  types  found  on  flexible  pave- 
ments rated  as  moderate  to  severe  (Ref.  22)   ....   183 

44  Summary  of  distress  types  on  composite  pavements 
where  distress  is  rated  as  moderate  to  severe 

(Ref.  22)    184 

45  Summary  of  distress  types  on  JCP  rated  as  moderate 

to  severe  (Ref.  22)   185 

46  Summary  of  distress  types  found  on  JRCP  rated  as 
moderate  to  severe  (Ref.  22) 186 

47  Summary  of  the  most  predominant  distress  types 

found  on  CRCP  rated  moderate  to  severe  (Ref.  22)  .  .   187 

48  Deduct  values  for  flexible  pavements  (Ref.  23)  .  .  .   188 

49  Deduct  values  for  rigid  pavement  (Ref.  23)  190 

50  Weights  for  flexible  pavement  level  of  service 

(Ref.  23)   192 


xm 


LIST  OF  TABLES  (continued) 


Table  No.  Page 

51  Weights  for  rigid  pavement  level  of  service 

(Ref .  23) 192 

52  Pavement  distress  by  category  and  pavement  type  .  .  .  193 

53  Priority  ranking  of  significant  distresses  selected 

for  further  study  (Ref.  23) 194 

54  Flexible  pavement  utilities  for  various  frequencies 

of  rural  (a.. )  and  segment  (a_)  rehabilitation  ....  197 

55  Rigid  pavement  utilities  for  various  frequencies 

of  rural  (a.. )  and  segment  (a_)  rehabilitation  ....  197 

56  Average  deduct  values  for  flexible  pavement 

distress 199 

57  Average  deduct  values  for  rigid  pavement  distress  .  .  199 


xiv 


if) 
o 

{2 


CO 

_j 

U) 

o 

<r 

CD 

D 

2 

CO 

>- 

< 

co 

Ul 

2 

o 

(T 

Q 

\- 

Z 

Ul 

Ul 

2 

P 

2 

O 

or 
u 

CO 

>- 

CO 

z 

b! 

o 

b 

^™ 

3 

CO 

2 

cc 

Ul 

5 

> 
z 

i 

o 
o 

3 
O 

> 

LU 

z 

5 

!H 

2 

5 

X 

o 

_i 

tr 

M 

0. 

2 

Q. 

> 

< 

CO 

«-  "°  "E 


CO 

a> 

CO 

in 

CO 

o 

c 

1  £ 

u 

o 

E 

X 

»- 
o 

s 

tf  to 

_ 

10 

z 

O 

O  K) 

— 

O 

UJ 

_l 

E 

i/i 

<n 

01 

n> 

E 

E 

a) 

CU 

E 

— 

fc 

■c 

a> 

o 

E 

o 

E 

E 

-* 

E    E 


E    E 


< 
LlI 

< 


t-     w    c 

—    >.  E 


cu      <°     CO 

i  ii 

G>      ©     CD     — 
L       C      |I      (0 

s  s  g  * 


3    3    3    h 

7    (T   a   o  ,_ 

co    co    m    a  ^_ 


—  cm  <»;  m 
d  —  d  cvi 


0  fc  2  Y 

a>    ai    a>    C 

W         L.        I-        O 

SSSti 
ST  ST  ST.2 


EV1  ° 


o    ,_    «-     _  in    in 
—      Q.    CT    2,   *-     "O 


CO 

3 

c 

3 

M 
.1 

s  ° 

O    -C 

d     CO 

a> 
u 

c 

3 

o 

'3 

CO 

c 

Q. 

O 
CT 

CO 

c 

p 

o 

CD 

o 

3 

-p 

o 

>> 

o 

O 

JC 

.5? 

m 
to 

Ul 

2 

rO 

CD 

CD 

O 

CO   — 

o 

O 

— 

O 

CM 

tO 

CO 

o 

CM   — 

o 

GO 

CM 

— 

o 

CD 
ro 

— 

9 

> 

2 

2 
o 
o 

co  g 

CO 

CO 

cu 

CO 

a> 

a> 

E  -- 

cv 

F 

F 

en 

E 

O      CO 

CO 
CD 

CO 

CU 

o 

u 

— 

■*- 

*~ 

*■ 

3 

3 

o> 

.*  a 

E 

— 

— 

— 

U 

U 

a>  5"  — 


to     IO 

E    E 


-  2 

a>  cv 

j=  a. 

2>  5 


en   o 


St 
«  2 


u 
o 


u. 

CJ 

o         o 

--=r8 

cmO 

CD- 

cm 

- 

_o 

r  co 

O 

•£- 

- 

o 

•£> 

8- 

"»  I 

o 

<Tl       -J 

f 

8- 

o 

— CJ 

— o 

O- 

o 

(M 

O  . 

.  o 

i             1 

u.        o 

o 

0 

tZ      Z6       12       02        61        81        l\       91         SI        VI        CI        21  III      01         6         3         I         9         S         fr         £         2  I 


g 

</> 
tr 

UJ 

> 

o 
o 

o 

tr 

UJ 


jJii 


[YTWIWTTTWTTT^ 


CO 

_l 

UJ 

a: 

03 

>- 

CO 

CO 

< 

UJ 

5 

u 

Q 

ct 

Z 

h- 

li. 

lll 

2 

o 

5 

o 

q: 
u. 

>- 
CD 

>- 

CO 

z 

a! 

o 

K 

CO 

s 

cc 

UJ 

3t 

> 

5 

z 

k: 

o 

o 

3 
? 

III 

6 

2 

Z 
UJ 

X 

o 

s 

a. 

2 

CL 

>- 

< 

CO 

E    E    p    E 

u      O      t     J£ 


I 

z 

UJ 

_l 


10  CO 

«  «  c: 

S  »  CO  " 

E  E  2  » 

•P  i:  a>  E 

c  c  t;  o 

0)  0)  S  = 

o  o  b  jt 


CTi  <D 


CM   O  O   — 
to 


< 
Ul 

tr 


I 


>.  E 


i    N     N 

.S  e  e 


E    o 


55  <2 

a>  «> 

E  £  12  ti 

^  <a  o>  E 

£  »  "£  o 

S  E  E  5 

cv  a>  CU  CD 


S    § 

CT     CT 
CO       CO 


CO     ^. 


CD 

m  q  J  co  t 
cd  d  d  cvi  d 


cv  <2    co 

£  ♦■  w    «i 

"  *  II 

._  «^  >»   c 

2  £  e  e  «> 

§  g  1  s  s 


N     N     "     <1 

=  t  ^.  E 


CO 
CO 

< 

2 


S"-"- 


i  8"g 


IO 
"^  CD 

oo  d  d 

CM 


i|i|i|imi|i|iji!l|i|i|i 


E    E   E 


E    E 


Ul 

2 
r> 
_j 
o 

> 


CO 

CO 

u. 

i- 

0> 

<v 

CO 

en 

CO 

<1) 

CU 

cu 

<u 

F 

E 

— 

— 

— 

i— 

CO 

CO 

en 

L. 

o 

o 

— 

— ■ 

— 

CD 

CU 

a> 

cu 

n 

JD 

-i 

b 

fc 

fc 

— 

— 

— 

— 

u 

o 

T 

N 

en 

to 

CD 

CM 

"3- 

CT> 

CD 

o 

r- 

lomoooorooo 

—  to 


-^  -o 

CO    ^  ° 

m    M    ■£    o    o  o 

a.  t:    o  —  .o  ia 

3    .E      3     O     3  3 

CJ     Q.     CT     O    O  O 


°    ,,  *■    *-   "S 


u 

o 

K 

UJ 
(T 

I- 
< 
(E 
UJ 

a. 

2 

UJ 


I  INCHES 


O 

o 


s 


CM 

>-  to 

CD 

o  o 


S   E 


xv 


CHAPTER  1.   INTRODUCTION 


Significant  progress  has  been  made  since  1966  in  improving  theore- 
tical and  empirical  models  for  predicting  pavement  behavior.   The  AASHO 
Road  Test  provided  significant  empirical  data  for  relating  axle  loads, 
pavement  structural  properties  and  performance  as  defined  by  number  of 
axle  loads  carried.   It  has  been  difficult,  however,  based  on  available 
information  to  quantify  improved  models  for  predicting  pavement  perfor- 
mance.  Most  pavement  models,  particularly  those  with  adequate  theore- 
tical bases,  are  concerned  with  predicting  pavement  behavior  as  defined 
by  mechanistic  values  of  stress  and  strain  or  deformation.   Pavement 
performance,  on  the  other  hand,  while  certainly  dependent  upon  stress 
and  strain  is  far  more  complicated  and  is  a  result  of  complex  interac- 
tions of  cracking,  permanent  deformation,  faulting  disintegration,  and 
other  physical  distress  manifestations. 

Significant  other  research  has  been  carried  out  in  the  definition 
of  improved  theoretical  models  for  predicting  behavior  and  distress. 
This  study  and  this  report  concerns  itself  primarily  with  the  relation- 
ship of  distress  to  performance  and  assumes  that  models  for  predicting 
behavior  and  distress  are  available  from  other  sources.   Figure  1,  first 
developed  by  a  Committee  of  the  Transportation  Research  Board,  depicts 
graphically  the  concern  of  this  research  study. 

In  their  paper  on  a  generalized  framework  for  pavement  rehabilita- 
tion, Hudson  and  Finn  (Ref.  20) *  present  a  simplified  version  of  the 
pavement  management  problem  which  illustrates  the  relationship  of  behav- 
ior, distress,  and  performance  (Fig.  2). 


DISTRESS /PERFORMANCE  PROBLEM 

The  problem  of  defining  pavement  failure  has  never  been  adequately 
solved.   This  lack  of  definition  came  into  sharp  focus  at  the  WASHO  Road 
Test  as  disagreement  occurred  when  the  staff  and  advisory  committee 
tried  to  define  the  point  at  which  a  test  section  had  "failed".   One 
reason  for  these  differences  occurred  as  a  result  of  the  divergent 
viewpoints  from  which  each  of  the  engineers  and  users  viewed  pavement 
failure.   Pavement  failure  is  perceived  differently  by  the  construction 
engineer,  the  design  engineer,  and  the  maintenance  engineer.   When 
failure  is  based  on  subjectively  derived  criteria,  differences  in  opinion 
between  any  two  individuals  or  groups  of  engineers  can  vary  significantly. 
In  order  to  resolve  the  problem  of  defining  failure,  an  alternative 
approach  called  the  serviceability/performance  concept  was  developed  by 


1 Hudson,  W.R.  and  F.N.  Finn,  "A  General  Framework  for  Pavement  Rehab- 
ilitation", Report  No.  FHWA-RD-74-60 ,  June  1974. 
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Carey  and  Irick  (Ref.  1) 1  to  describe  the  condition  or  usefulness  of  a 
pavement.   In  this  approach,  serviceability  is  defined  as  the  ability  of 
a  pavement  to  serve  its  function  at  a  specific  time.   The  function  of 
the  pavement  is  defined  as  the  ability  to  carry  high  speed,  high  volume 
traffic  at  an  acceptable  riding  quality.   In  recent  years,  the  requirement 
for  adequate  safety  has  been  added  to  the  criteria.   Thus,  the  function 
of  a  pavement  is  to  carry  the  traffic  safely  and  comfortably  at  design 
speed.   Performance  is  the  integration  of  the  serviceability  history. 
"Failure",  then,  can  be  defined  as  an  unacceptable  serviceability  level. 
At  the  AASHO  Road  Test,  this  was  prescribed  to  be  when  the  pavement 
reached  a  terminal  serviceability  level  of  1.5. 


Distress  Development 

As  traffic  loads,  environment,  and  other  forces  act  upon  the  pave- 
ment system,  the  pavement  responds  with  stress,  strain,  deformation, 
fracture,  polishing,  or  wear.   These  responses  to  load  and  wear  are 
termed  behavior.   Most  of  the  analysis  models  currently  used  to  design 
pavement  structures  are,  in  fact,  predictors  of  behavior.   When  the 
predicted  behavior  reaches  a  limiting  response  value,  distress  results. 
These  distresses  accumulate  until  serviceability  declines.   This  ser- 
viceability loss  can  occur  as  a  result  of  the  accumulation  of  a  single 
type  of  distress  or  as  a  combination  of  several  types.   Certain  types  of 
distress,  such  as  a  single  crack,  do  not  in  themselves  cause  pavement 
failure.   However,  as  distress  accumulates,  they  may  combine  with  other 
types  of  distress  such  as  deformation  and  disintegration  to  cause  the 
level  of  serviceability  to  drop  below  an  acceptable  level  with  the 
result  that  "failure"  is  said  to  occur.   Since  the  performance  of  a 
pavement  has  been  tied  to  its  ability  to  fulfill  its  design  function, 
the  accumulation  of  distress  acts  to  destroy  that  ability  to  serve 
traffic.   The  accumulation  of  distress  and  the  relation  between  distress 
and  performance  is  then  very  complex,  having  at  least  three  components: 
(1)  primary,  (2)  secondary,  and  (3)  time  dependent. 

Primary  distresses  include  those  which  have  a  direct  and  immediate 
effect  on  serviceability/performance.   Secondary  distresses  are  those 
which  occur  as  a  corollary  of  certain  types  of  primary  distresses.   For 
example,  the  cracking  of  a  pavement  due  to  temperature  is  a  primary  dis- 
tress.  The  crack  itself  may  not  reduce  serviceability,  however,  entry 
of  water  into  the  crack  may  precipitate  a  weakening  of  the  underlying 
pavement  materials  which  may  produce  permanent  deformations  that  lead  to 
a  loss  in  serviceability.   These  deformations  are  a  secondary  distress. 


The  time  dependent  distress  may  have  no  immediate  effect  on  service- 
ability but  given  adequate  time  will  lead  to  a  reduction  in  the  service- 


1  Carey,  W.N.  and  P.E.  Irick,  "The  Serviceability-Performance  Concept", 
Bulletin  250,  Highway  Research  Board,  1960. 


ability  of  the  pavement  structure.   For  example,  transverse  cracks  in 
continuously  reinforced  concrete  pavement  are  designed  and  expected. 
However,  when  the  crack  spacing  becomes  too  close,  the  accumulation  of 
load  applications  and  thus  time  may  produce  deep  spalling  or  punchouts 
at  these  closely  spaced  cracks;  thus,  distress  accumulates. 

In  the  last  decade  the  development  of  pavement  management  systems 
has  brought  to  the  forefront  a  need  for  development  of  objective  func- 
tions to  be  used  in  the  pavement  management  system  for  optimization  of 
design,  rehabilitation,  and  maintenance.   This  objective  function  must 
include  pavement  performance.   Currently,  the  relationship  must  be 
empirical  in  nature  because  of  the  lack  of  definitive  information  that 
can  be  used  to  develop  an  objective  function  based  on  real  data.   In 
order  for  rational  pavement  management  systems  to  be  developed,  this 
missing  objective  function  must  be  obtained. 

Current  Performance  Prediction  Methodologies 

In  order  to  develop  relationships ,  several  methodologies  have  been 
investigated  as  a  part  of  this  research  effort.   A  review  of  the  basic 
methodologies  reported  in  the  literature  shows  several  of  the  techniques 
currently  being  used  to  define  relationships  or  to  serve  as  surrogate 
performance  functions  as  discussed  in  the  following  sections. 

Multiple  Regression  Analyses .   The  multiple  regression  analysis  ap- 
proach can  be  used  to  quantify  pavement  performance  as  a  function  of 
those  physical  factors  known  to  engineers  to  significantly  influence  the 
deterioration  of  a  pavement.   Some  attempts  have  been  made  in  this 
regard  (Ref.  21,32,43). 

Kulkarni,  et  al  (Ref.  4)  have  examined  the  use  of  the  multiple 
regression  approach  for  the  Washington  Department  of  Highways  to  relate 
pavement  "rating"  to  load,  material,  structural,  and  environmental 
variables.   Because  of  insufficient  information,  they  were  not  successful 
in  developing  an  acceptable  relationship  between  rating  number  and  time, 
but  it  was  concluded  that  a  continuing  effort  to  use  regression  analyses 


■'Darter,  M.I.  and  E.J.  Barenberg,  "Zero  Maintenance:   Results  of  Field 
Studies  on  the  Performance  Requirements  and  Capabilities  of  Con- 
ventional Pavement  Systems",  Report  prepared  for  FHWA,  April  1975 

2"The  AASHO  Road  Test  Report  5,  Pavement  Research",  Highway  Research 
Board  Special  Report  61E,  Publication  No.  954,  National  Academy 
of  Sciences  -  National  Research  Council,  1962. 

3Kulkarni,  R. ,  R.  LeClerc,  F.N.  Finn,  and  H.  Sandahl,  "Development  of 
a  Pavement  Management  System",  Paper  presented  at  1976  Annual 
Meeting  of  Transportation  Research  Board,  January  1976. 


was  justified.   Finn  (Ref .  5)  1  has  successfully  applied  such  technique's 
for  the  Arizona  Department  of  Transportation  to  relate  change  in  service- 
ability with  time  to  environment,  traffic,  structural  condition,  and 
pavement  age. 

Darter,  et  al  (Ref.  2)  studied  some  regression  models,  relating 
serviceability  to  distress  from  References  3  and  62.   The  AASHO  Road 
Test  staff  also  reported  on  studies  relating  distress  to  slope  variance. 
Both  studies  indicated  that  a  fair  correlation  with  cracking  is  possible 
for  PCC  pavements.   Faulting  could  improve  the  relationship  somewhat 
(Ref.  2).   However,  the  relationship  between  distress  and  slope  variance 
was  poorly  defined  for  asphalt  pavements  at  the  AASHO  Road  Test.   The 
strongest  correlation  is  obtained  with  rut  depth  variance,  which  suggests 
the  type  of  information  required  from  field  measurements. 

Neither  Darter,  et  al,  nor  the  Road  Test  staff,  nor  Finn  (unpublished 
analyses  of  Road  Test  data  from  NCHRP  Project  1-10B)  have  investigated 
the  secondary  effects  of  primary  distress  manifestations,  the  time 
progression  of  primary  distress,  or  the  impact  on  future  roughness  or 
rate  of  change  in  roughness  from  field  observations.  Available  data  is 
simply  inadequate. 

Markov  Process.   A  second  approach  is  to  make  use  of  a  Markov 
process  to  predict  future  pavement  conditions  (Ref.  4,  73,  8^) .   This 
process  can  be  used  to  represent  pavement  response  over  a  period  of 
time.   Essentially,  when  a  pavement  is  first  constructed,  its  condition 
normally  will  be  good  to  excellent.   After  opening  to  traffic,  the 
condition  will  gradually  deteriorate  in  a  series  of  transitions  of 
pavement  condition  states  from  the  initially  excellent  condition  to  less 
desirable  conditions.   This  concept  of  a  transition  of  pavement  condi- 
tion states  is  the  technique  used  to  model  the  deterioration  of  pavement 


■'■Finn,  F.N.,  R.  Kulkarni  and  J.  McMorran,  "Development  of  a  Framework 
for  a  Pavement  Management  System",  Final  Report,  Woodward-Clyde 
Consultants  to  Arizona  Department  of  Transportation,  August  1976, 

2Roberts,  F.L.  and  W.R.  Hudson,  "Pavement  Serviceability  Equations 
Using  Surface  Dynamics  Prof ilometer" ,  Research  Report  733, 
Center  for  Highway  Research,  University  of  Texas,  1970. 

3Smith,  W.  and  C.L.  Monismith,  "A  Maintenance  Management  System  for 
Asphalt  Pavements",  Paper  presented  at  Annual  Meeting  of  Trans- 
portation Research  Board,  Washington,  D.C.,  January  1976. 

^Karan,  M.A.  and  R.C.G.  Haas,  "Determining  Investment  Priorities  for 
Urban  Pavement  Improvements".   Proceedings ,  Association  of 
Asphalt  Paving  Technologists,  Volume  45,  February  1976. 


condition  in  the  Markov  approach. 

Bayesian  Analysis.   This  technique  has  been  used  in  projects  under 
NCHRP  sponsorship  (NCHRP-9-4A)  (Ref .  88) x  to  determine  its  effectiveness 
as  a  means  to  quantify  subjective  experience  into  a  data  base  of  infor- 
mation to  evaluate  the  influence  of  designer  controlled  variables  on 
fatigue  cracking;  e.g.,  asphalt  viscosity,  proportion  of  asphalt  con- 
crete, percent  asphalt,  and  density  of  base.   This  type  of  information 
is  very  useful  in  verifying  the  influence  of  certain  designer  controlled 
variables  on  distress;  however,  these  general  concepts  have  had  limited 
use  in  this  investigation. 

Utility  Theory.   Utility  theory  has  been  used  by  Finn,  et  al  (Ref. 
5)  in  the  development  of  a  pavement  management  system  for  the  Arizona 
DOT.   This  methodology  provides  a  proven,  theoretically  sound  procedure 
for  summarizing  or  combining  multiple  attributes  into  a  single  parameter 
through  the  use  of  utility  functions.   The  utility  functions  can  be  used 
to  obtain  the  weighting  factors  based  on  subjective  preferences  of 
experienced  engineers  in  assessing  the  relative  importance  of  a  variety 
of  potentially  uncorrelated  factors.   Thus,  utility  theory  can  provide  a 
summary  statistic  for  combining  distress  and  performance  but  not  for  re- 
lating distress  to  performance. 

The  advantage  of  the  use  of  utility  theory  is  the  high  degree  of 
certainty  with  which  weighting  factors  can  be  obtained  for  combining 
distress  and  performance  on  a  common  scale;  e.g.,  0  to  1.   For  example, 
the  utility  for  a  road  at  a  particular  time  may  be:   for  fatigue  cracking, 
0.1;  rutting,  0.2;  skid  resistance,  0.1;  and  roughness,  0.3.   The  com- 
bined utility  is  then  0.7.   A  second  pavement  could  have  values  of  0.2, 
0.2,  0.1  and  0.1,  respectively  for  a  utility  of  0.6.   Hence,  the  second 
pavement  would  be  considered,  overall,  to  be  in  a  less  desirable  state 
at  the  time  measurements  were  made.   The  primary  disadvantage  to  the 
utility  theory  approach  is  its  dependence  on  the  subjective  preferences 
of  the  persons  used  to  determine  the  utility  function. 

It  should  be  noted  that  the  procedures  used  in  establishing  the 
utility  function  are  very  specific  and  thus  provide  a  consistent  and 
thoroughly  tested  methodology.   It  is  also  possible  to  "pool"  utility 
functions  from  subjective  preferences  of  several  individuals  in  such  a 
way  as  to  obtain  a  consensus  representation  of  those  persons  included  in 
the  interview  process.   One  potential  advantage,  not  previously  men- 
tioned, is  the  fact  that  a  large  data  base  of  information  is  not  required 
to  establish  the  utility  function,  since  it  is  obtained  through  a  series 
of  interviews.   However,  in  order  to  test  the  reliability  of  the  devel- 


^mith,  W.S.,  F.  Finn,  R.  Kulkarni,  C.  Saraf,  and  K.  Nair ,  "Bayesian  Metho- 
dology for  Verifying  Recommendations  to  Minimize  Asphalt  Pavement 
Distress",  NCHRP  Report  213,  June  1979. 


oped  utilities,  measurements  must  be  made,  the  distresses  recorded  and 
compared,  and  the  ranking  of  the  pavements  evaluated.   Such  data  sets 
have  not  been  tested. 

Summary .   The  prediction  of  pavement  roughness  is  extremely  compli- 
cated since  it  is  dependent  on  a  large  number  of  factors,  which  are 
very  difficult  to  model.   For  example,  the  influence  of  swell  in  subgrades, 
consolidation  in  fills,  and  faulting  in  rigid  pavement  are  all  factors 
that  are  somewhat  unpredictable  in  their  time  or  traffic  related  impact 
on  roughness.   In  this  study  it  is  assumed  that  roughness  and  distress  data 
due  to  traffic  and  environmental  factors  will  be  available  to  the  engineer 
from  other  sources  since  this  investigation  is  not  specifically  concerned 
with  predicting  distress  or  serviceability/performance,  but  is  concerned 
with  relating  or  accommodating  distress  and  performance  for  use  in 
pavement  management  systems.   The  study  investigates  the  availability  of 
such  data. 

In  summary,  a  number  of  methodologies  have  been  evaluated  to  deter- 
mine their  applicability  for  combining  or  relating  distress  to  perfor- 
mance.  Each  of  the  most  promising  techniques  are  discussed  in  subse- 
quent sections  of  the  report. 


OBJECTIVES 

The  objectives  of  this  research  and  this  report  are  to  develop  a 
meaningful  relationship  between  the  occurrence  of  pavement  distress  and 
serviceability  and  pavement  performance,  and  to  develop  a  model  for 
those  relationships  that  can  be  used  in  a  predictive  pavement  design  and 
management  system. 


SCOPE 

This  study  is  involved  with  the  quantification  of  a  most  difficult 
relationship  -  that  of  distress  to  serviceability  and  performance.   It 
includes  an  understanding  of  pavement  distress,  and  identification  of 
the  individual  and  combined  effects  of  the  distress  on  the  primary 
response  of  the  pavement,  and  effects  of  various  maintenance  and  rehab- 
ilitation strategies  on  the  distress  and  performance.   Pavement  manage- 
ment needs  distress  and  performance  information  in  the  relationship 
between  the  two  in  order  to  be  effective. 


RESEARCH  APPROACH 

The  general  research  approach  used  in  this  project  is  described 
briefly  in  each  of  the  following  categories  of  activities  that  were 
undertaken  while  conducting  this  study. 


Advisory  Panel  Review 

In  order  to  attack  this  difficult  problem  we  established  a  project 
advisory  panel  to  review  the  history  of  pavement  distress  and  condition 
observations  and  to  examine  the  feasible  approaches  to  this  problem. 
The  panel  was  made  up  of  Dr.  Ralph  Haas,  Dr.  Virgil  Anderson,  Professor 
Carl  Monismith,  Dr.  Ron  Terrel,  Mr.  Roger  V.  LeClerc  (Washington),  Mr. 
Dale  E.  Peterson  (Utah),  Mr.  Travis  W.  Smith  (California),  Mr.  Erland 
0.  Lukanen  (Minnesota),  Mr.  Gerald  B.  Peck  (Texas),  and  Mr.  Robert  J. 
Weaver  (New  York) . 

The  panel  met  in  Berkeley,  California,  May  7-9,  1978  and  in  Austin, 
Texas,  August  6-8,  1978,  to  discuss  the  range  of  possible  attacks  on 
performance  problems  and  set  the  direction  for  subsequent  project  work. 
The  input  of  the  panel  members  individually  and  as  a  group  was  invaluable 
as  was  their  help  in  identifying  available  data  for  the  study.   The 
group,  however,  cannot  be  blamed  for  any  shortcomings  of  this  study,  which 
are  solely  the  responsibility  of  the  authors. 

Catalogue  Pavement  Distress 

Hudson  and  McCullough  (Ref .  9)   have  previously  developed  informa- 
tion concerning  categories  of  pavement  distress  that  have  proven  useful. 
Monismith  (Ref.  10) 2  has  summarized  the  various  distress  categories  and 
respective  causes  for  both  asphalt  concrete  and  portland  cement  concrete 
pavements,  and  Lytton  (Ref.  II)3  has  provided  listings  of  various  dis- 
tress indicators  for  both  pavement  types  including  continuously  reinforced 
pavements  and  rigid  pavements.   Haas  (Ref.  12) ^  has  comprehensively 
summarized  the  various  manifestations  in  terms  of  roughness,  distress, 
and  skid  resistance.   Carter  (Ref.  13) 5  has  summarized  distress  manifes- 


Hudson,  W.R.  and  B.F.  Mccullough,  "Flexible  Pavement  Design  and 
Management  Systems  Formulations",  NCHRP  Report  139,  1973. 

^Monismith,  C.L. ,  "An  Overview  of  Airfield  Pavement  Design",  a  paper 
prepared  for  presentation  at  the  ASCE  Air  Transport  Speciality 
Conference,  1977. 

3Lytton,  R.L.  and  J. P.  Mahoney,  "Condition  Surveys  for  Pavement  Struc- 
tural Evaluation",  paper  prepared  for  presentation  at  The  Trans- 
portation Research  Board  Meeting,  1976. 

4Haas,  R. ,  "Surface  Evaluation  of  Pavements:   State-of-the-Art" , 

Proceedings ,  San  Francisco  Workshop  on  Pavement  Rehabilitation, 
Report  No.  DOT-OS-4-0022 ,  1974. 

5Carter,  W.H.,  "Distress  Manifestations  in  Continuously  Reinforced 

Concrete  Pavements",  Subcommittee  Report  to  Highway  Research  Board 
Committee  A2B01,  Rigid  Pavement  Design,  1973. 


tations  in  CRCP  pavements  and  has  described  the  contributing  causes  for 
each.   Using  these  background  references  together  with  the  experience  of 
the  project  staff,  a  catalogue  of  pavement  distress  manifestations  was 
prepared  and  is  presented  in  Chapter  2. 

Define  Typical  Distress  and  Serviceability  Performance 
Development  Patterns 

Figure  3  illustrates  possible  distress  and  serviceability  perfor- 
mance patterns  which  are  feasible  for  the  various  types  of  distress  and 
for  serviceability  history.   While  the  representations  in  this  figure 
are  illustrative  only,  they  are  compatible  with  the  general  experience 
of  the  project  staff  and  are  consistent  with  data  reported  in  the  liter- 
ature (Refs.  3,  141,  152,  163,  llh)  . 

It  is  clear  from  these  illustrations  that  the  relationship  of 
distress  and  performance  considering  three  phases  (primary,  secondary 
and  time  dependent)  is  very  complicated.   It  is  expected  that  any  such 
relationship  will  not  only  involve  the  individual  independent  variables 
(first  order)  but  also  interactions  between  the  various  independent 
variables.   Various  forms  of  these  relationships  have  been  developed  and 
are  presented  and  discussed  in  subsequent  chapters. 

Evaluation  and  Implementation  of  Methodologies 

The  various  methodologies,  discussed  previously,  were  evaluated 
separately  in  a  three  step  process  as  follows : 

(1)   Development  and  testing  by  the  project  staff  using  AASHO  Road 
Test  information  or  as  necessary  by  simulation  using  assumed 
generated  by  the  project  staff. 


1  Smith,  R.P.  and  B.F.  McCullough,  "The  Use  of  Condition  Surveys,  Pro- 
file Studies,  and  Maintenance  Studies  in  Relating  Pavement  Dis- 
tress to  Pavement  Performance",  Research  Report  12319,  Center 
for  Highway  Research,  The  University  of  Texas  at  Austin,  1974. 

2Anderson,  D.I.,  J.C.McBride,  and  D.E.  Peterson,  "Field  Verification 
of  the  VESYS  IIM  Structural  Subsystem  in  Utah",  Proceedings, 
Fourth  International  Conference  for  the  Structural  Design  of 
Asphalt  Pavements,  1977. 

3Sharma,  M.G.,  W.J.  Kenis ,  T.D.  Larson,  and  W.L.  Gramling,  "Evaluation 
of  Flexible  Pavement  Design  Methodology  Based  Upon  Field  Obser- 
vations at  PSU  Test  Track",  Ibid. 

^Sharma,  J.,  L.L.  Smith,  and  B.E.  Ruth,  "Implementation  and  Verifi- 
cation of  Flexible  Pavement  Design  Methodology",  Ibid. 
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(2)  Interaction  with  the  Advisory  Group  by  presenting  results  from 
step  1  above  and  obtaining  reactions  and  recommendations 

(3)  Testing  with  field  data  obtained  from  the  states  involved  in 
the  project. 

Based  on  these  evaluations,  those  models  best  satisfying  project 
requirements  and  their  use  in  pavement  management  systems  are  presented 
and  discussed  in  subsequent  chapters  of  the  report. 


REPORT  ORGANIZATION 

Chapter  2  on  pavement  distress  and  performance  measurements  in- 
cludes: definitions  of  each  type  of  distress  investigated  in  the  pro- 
ject, a  priority  listing  of  the  most  important  of  these  distresses,  and 
a  discussion  of  the  various  measures  of  serviceability  and  performance. 

The  data  acquisition  phase  of  the  project  is  described  in  Chapter 
3.   Information  from  special  research  studies  such  as  the  AASHO  Road 
Test,  Brampton  Test  Road,  and  Texas  Transportation  Institute  Data  Base 
as  well  as  information  from  the  States  of  Washington,  Utah,  Minnesota, 
Illinois,  and  Georgia  are  included.   In  addition,  published  reports  on  a 
number  of  other  special  roadway  sections  are  considered  in  Chapter  3. 

Chapter  4  contains  a  general  discussion  of  the  relationships  be- 
tween distress  and  performance.   A  description  of  the  typical  patterns 
of  distress  development  and  their  effect  on  performance  is  included  in 
Chapter  4  as  well  as  a  discussion  of  the  primary,  secondary,  and  time 
dependent  relationships. 

The  data  analysis  and  modeling  efforts  to  relate  distress  to  ser- 
viceability are  included  in  Chapter  5.   A  detailed  discussion  of  a 
series  of  regression  models  is  included  for  both  time-dependent  and 
time-independent  distress/serviceability  relationships. 

Chapter  6  contains  a  discussion  of  the  findings  of  the  report, 
general  discussions  of  adequacy,  and  suggestions  relative  to  acquisition 
and  analysis  of  data.   Chapter  6  also  includes  a  discussion  of  overall 
pavement  performance  measures  as  well  as  the  use  of  performance  models 
in  pavement  management  systems. 

Chapter  7  contains  recommendations  of  the  project,  discussion  of 
significant  problems  encountered,  and  a  series  of  problems  statements. 
The  problems  statements  are  directed  toward  the  development  of  more  re- 
liable relationships  between  distress  and  performance  as  needed  for 
predicting  performance  for  use  in  pavement  management  systems. 
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CHAPTER  2.   PAVEMENT  DISTRESS  AND  PERFORMANCE  MEASURES 


As  a  first  step  toward  the  development  of  distress/performance 
relationships,  quantified  measures  of  pavement  distress  and  performance 
were  selected.   This  process  involved  several  steps,  namely  (1)  defini- 
tion of  terms,  (2)  cataloging  pavement  distress  manifestations  by  type, 
severity,  and  cause,  and  (3)  selection  of  variables  for  study  in  this 
project.   The  results  of  these  activities  are  reported  in  this  chapter. 


DEFINITION  OF  TERMS 

The  following  definitions  of  terms  relating  to  pavement  distress 
and  performance  were  selected  as  appropriate  for  this  study.   These 
definitions  follow  those  used  in  several  previous  investigations  (Refs. 
181,  192,  20).   Only  key  definitions  are  reproduced  here;  the  complete 
set  may  be  found  in  Appendix  A. 

1.  Distress  is  a  condition  of  a  pavement  structure  which  reduces 
serviceability  or  leads  to  a  reduction  of  serviceability. 

2.  Distress  Manifestations  are  the  visible  consequences  of  various 
distress  mechanisms,  which  usually  lead  to  a  reduction  in  ser- 
viceability. 

3.  A  Distress  Mechanism  is  the  physical  or  chemical  process 
involved  in  or  responsible  for  distress  in  pavements. 

4.  Response  is  the  reaction  of  a  pavement  structure  to  load  and 
environment. 

5.  Primary  Responses  are  those  responses  which,  when  carried  past 
some  limiting  value,  initiate  distress. 

6.  A  Response  Mechanism  is  the  physical  or  chemical  process  re- 
sponsible for  the  response  of  a  pavement  structure. 


^auhut,  J.B.,  F.L.  Roberts,  and  T.W.  Kennedy,  "Models  and  Significant 
Materials  Properties  for  Predicting  Distress  in  Zero-Maintenance 
Pavements",  Report  No.  FHWA-RD-78-84 ,  Interim  Report,  June  1978. 

2Hudson,  W.R.,  F.N.  Finn,  B.F.  McCullough,  K.  Nair,  and  B.A.  Vallerga, 
"Systems  Approach  to  Pavement  Design,  System  Formulation,  Per- 
formance Definition,  and  Material  Characterization",  Interim 
Report  NCHRP  1-1,  submitted  by  Materials  Research  and  Development. 
Inc.  to  NCHRP,  HRB,  March  1968. 
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7.  Serviceability  is  the  ability  of  a  specific  section  of  pavement 
to  serve  traffic  in  its  existing  condition. 

8.  Serviceability  Index  is  a  numerical  estimate  of  serviceability 
based  on  pavement  roughness. 

9.  Serviceability  History  is  a  representation  of  the  serviceability 
of  a  pavement  over  a  period  of  time.   Serviceability  history 

is  sometimes  termed  "performance" ,  and  is  generally  given  by 
serviceability  index  as  a  function  of  time  or  accumulated 
load. 

10.    Performance  is  a  measure  of  accumulated  service  provided  by  a 
facility;  i.e.,  the  degree  to  which  a  pavement  fulfills  its 
purpose. 

Pavement  performance  has  in  the  past  generally  been  directly  re- 
lated to  pavement  serviceability.   That  is,  performance  has  been  equated 
with  "the  area  under  the  serviceability  history  curve",  or  "shape  of  the 
serviceability  curve".   Since  serviceability  is  almost  universally 
measured  with  a  serviceability  index  based  on  riding  comfort  or  rough- 
ness, this  usage  makes  pavement  performance  a  function  of  pavement 
roughness.   However,  many  other  factors,  such  as  skid  resistance,  struc- 
tural adequacy,  cracking,  etc.,  may  be  important  in  determining  the 
overall  adequacy  of  a  pavement.   The  word  "performance"  is  a  natural 
candidate  to  describe  this  overall  adequacy.   Hence,  one  of  the  recom- 
mendations of  this  research  effort  is  that  the  term  "performance"  be 
reserved  to  reflect  the  overall  adequacy  of  a  pavement  (see  Chapter  6) . 


PAVEMENT  DISTRESS 

In  this  project,  distress  is  defined  as  the  condition  of  a  pavement 
structure  which  reduces  serviceability  or  leads  to  reduction  of  service- 
ability.  Occurrence  of  distress  may  also  lead  to  maintenance  in  order 
to  restore  serviceability.   Distresses  that  do  not  directly  result  in 
significant  losses  of  serviceability  or  do  not  lead  to  other  distresses 
are  not  of  interest  in  this  study. 

Comprehensive  Distress  Listings 

In  order  to  insure  that  all  relevant  distress  types  were  considered 
in  this  project,  an  extensive  review  of  existing  literature  on  pavement 
distress  was  conducted.   Based  on  this  review,  four  primary  sources  were 
chosen  to  provide  a  complete  catalog  of  pavement  distress  (Refs.  18,  21  , 


^Barenberg,  E.J.,  C.L.  Bartholomew  and  M.  Herrin,  "Pavement  Distress 
Identification  and  Repair",  Technical  Report  P-6,  Construction 
Engineering  Research  Laboratory,  Department  of  the  Army,  March  1973. 
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221,  232)  .   A  detailed  listing  and  a  discussion  of  these  approaches  are 
presented  in  Appendix  B. 

Selection  of  Distress  Types  for  Further  Study 

There  are  many  different  kinds  of  distress  as  summarized  in  Appen- 
dix B.   The  problem  is  further  complicated  because  one  distress  may  cause 
or  contribute  to  the  development  of  another.   In  addition,  it  would  be 
time  consuming  to  attempt  to  model  the  effects  of  dozens  of  distress  modes 
on  serviceability/performance.   Consequently,  the  project  staff  selected 
for  further  study  those  distress  types  expected  to  have  the  most  signifi- 
cant influence  on  pavement  performance. 

The  priority  ranking  shown  in  Table  1  (Ref.  18)  and  discussed  in 
more  detail  in  Appendix  B,  was  expected  to  be  valid  for  this  project 
with  only  minor  modification.   However,  as  an  independent  check, 
Reference  14  was  used  to  make  an  evaluation  of  the  relative  impact  of 
various  distress  types.   The  combination  of  deduct  /alues  and  utilities 
for  each  distress  allows  an  assessment  of  both  the  immediate  and  expected 
future  effect  on  serviceability/performance.   This  combination  was  accom- 
plished as  described  in  Appendix  B. 

The  resulting  severity  ranking,  from  most  to  least  severe,  and  using 
a, =a„=0.75,  is: 

Flexible  Pavement  Distress: 

(1)  Failures/mile. 

(2)  Alligator  cracking. 

(3)  All  other  cracking. 

(4)  Flushing  Ravelling,  Corrugation  (very  nearly  equal). 

(5)  Rutting. 

(6)  Patching. 

Rigid  Pavement  Distress: 

(1)  Pumping. 

(2)  Surface  Deterioration. 

(3)  Spalling. 


1 Darter,  M.I.  and  E.J.  Barenberg,  "Zero-Maintenance  Pavement  Requirements 
and  Capabilities  of  Conventional  Pavement  Systems",  Interim  Report 
No.  FHWA-RD-7 6-105,  April  1976. 

2Ledbetter,  W.B.,  R.L.  Lytton,  et  al.,  "Techniques  for  Rehabilitating 
Pavements  Without  Overlay  -  A  Systems  Analysis",  Volume  1,  Final 
Report  No.  FHWA-RD-7 7-13 2,  September  1977. 
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(4)  Failures /mile. 

(5)  Cracking. 

(6)  Faulting. 

These  rankings  are  similar  to  those  of  Reference  30 1  (Table  1) , 
provided  that  the  different  categorization  of  distress  types  is  taken 
into  account. 

In  developing  a  list  of  important  distress  types  for  this  study  the 
distress  rankings  of  Reference  30  were  given  primary  consideration,  be- 
cause: 

(1)  The  emphasis  on  distress  categorization  by  cause  rather  than 
appearance  is  desirable  in  a  theoretically-oriented  study. 

(2)  The  inference  space  is  similar  to  that  of  interest  here  (basic- 
ally primary  highways) . 

(3)  It  was  considered  desirable  to  treat  flexible,  composite,  JCP, 
JRCP,  and  CRCP  separately,  as  done  in  Reference  30. 

The  project  advisory  panel  made  several  suggestions  about  the 
relative  importance  of  distress  types.   It  was  generally  agreed  that 
cracking  is  a  serious  problem  in  asphalt  pavements,  with  alligator 
cracking  playing  the  largest  role.   The  runner-up  in  this  pavement  type 
was  permanent  distortion  in  the  wheel  path  caused  by  studded  tires 
and/or  rutting.   Flushing  and  ravelling  were  also  mentioned  as  impor- 
tant.  The  largest  problem  in  asphalt  pavements  was  viewed  as  improper 
care  of  joints,  leading  to  faulting  and  spalling,  the  latter  being 
considered  less  important.   Wheel  path  wear  and  the  resulting  loss  of 
skid  resistance  were  also  considered  important,  and  once  again  studded 
tires  were  believed  to  contribute  heavily  to  this  problem.   These  sug- 
gestions agree  in  general  with  the  listing  in  Table  1. 

Consequently,  the  ratings  in  Table  1  were  adopted  for  this  project 
with  the  following  modifications : 

(1)  Faulting  was  given  higher  priority  in  JCP,  and  wheel  path  wear 
(reduced  skid  resistance)  was  included  in  all  rigid  pavements, 
in  accordance  with  the  recommendations  of  the  advisory  group. 

(2)  Several  changes  were  made  in  order  to  reconcile  these  rankings 


■^Rauhut,  J.B.  and  W.R.  Hudson,  "Concepts  for  Optimization  of  Design 
for  Flexible  Pavement  Procedures",  Report  to  the  Department  of 
Civil  Engineering,  University  of  Utah,  Austin  Research  Engineers 
Inc,  November  1974. 
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with  the  ratings  derived  from  Reference  291  in  the  previous 
section.   First,  failures/mile  (potholes)  in  flexible  pave- 
ments were  considered  a  composite  distress,  and  treated  as 
fatigue  cracking  combined  with  load  and  water  action  rather 
than  as  a  separate  category.   Failures/mile  in  rigid  pavements 
were  classified  as  punchouts.   Patching  and  pumping  were  not 
considered  as  distress  types,  but  it  is  recognized  that  they 
may  have  a  significant  effect  on  performance/serviceability, 
and  hence,  they  were  considered  for  inclusion  in  the  modeling 
effort  in  this  project.   Reduced  skid  resistance  was  divided 
into  the  categories  of  wheel  path  wear  and  bleeding  (flushing) 

The  resulting  priority  ranking  of  distress  types  for  further  con- 
sideration is  recorded  in  Table  2. 


PAVEMENT  SERVICEABILITY  AND  PERFORMANCE 

Since  the  introduction  of  the  pavement  serviceability  -  performance 
concept  at  the  AASHO  Road  Test  (Refs.  1,  3),  a  variety  of  serviceability 
and  performance  measures  have  been  developed.   Several  alternative 
measures  are  discussed  below. 

Pavement  Serviceability 

Two  different  methods  for  evaluating  pavement  serviceability  were 
involved  at  the  AASHO  Road  Test  (Ref.  3).   The  Present  Serviceability 
Rating  (PSR)  is  a  subjective  assessment  of  the  serviceability  of  the 
pavement  based  on  the  opinions  of  a  panel  of  raters  who  ride  over  the 
pavement  in  a  standard  automobile.   Each  person  rates  the  pavement  on  a 
0  to  5  scale,  with  5  representing  a  perfect  score  and  0  an  impassable 
pavement.   The  Present  Serviceability  Index  (PSI)  is  an  objective  estimate 
of  the  pavement  based  on  physical  measurements  of  roughness,  distress, 
or  other  observable  characteristics  of  the  pavement.   The  PSR  is  thus 
a  subjective  measure  of  pavement  serviceability,  while  the  PSI  provides 
an  estimate  of  the  serviceability  based  on  correlations  of  physical 
measurements  to  the  PSR. 

The  PSI  equations  developed  at  the  Road  Test  by  least  squares 
correlation  to  panel  ratings  are,  for  flexible  pavement: 

O  _____ 

PSI  =  5.03  -  1.91  log  (1+SV)  -  1.38  RD  -  0.0l\C+P  (1) 


xRauhut,  J.B.  and  P.R.  Jordahl,  "Effects  on  Flexible  Highways  of  In- 
creased Legal  Vehicle  Weights  Using  VESYS  IIM",  Final  Report 
No.  FHWA-RD-7 7-134,  January  1978. 
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and  for  rigid  pavements: 

PSI  =  5.41  -  1.78  log  (1+SV)  -  0.09 yc  +  P  (2) 

Where: 

SV  =  mean  slope  variance  from  the  AASHO  Road  Test  longitudinal 
profilometer 

RD  =  mean  rut  depth 

C+P=  amount  of  major  cracking  and  patching 

Strictly  speaking,  these  equations  are  applicable  only  to  the 
conditions  encountered  at  the  Road  Test,  since  the  coefficients  were 
derived  through  regression. 

Most  states  currently  measure  pavement  serviceability  based  on 
roughness  measurements;  that  is,  they  use  some  form  of  Present  Service- 
ability Index.   For  reasons  of  efficiency  and  economy,  most  states  cal- 
culate PSI  on  the  basis  of  roughness  measurements.   These  roughness 
measurements  are  typically  carried  out  with  an  accelerometer  device, 
such  as  the  Mays  Meter,  which  can  be  mounted  in  a  standard  automobile. 
Some  states  report  these  measurements  only  in  terms  of  counts  per  mile, 
or  some  other  direct  measure  of  roughness;  others  use  a  serviceability 
index  reported  on  the  standard  0  to  5  scale.   The  equations  relating 
such  serviceability  indices  to  roughness  may  be  based  on  a  variety  of 
analyses.   Some  states  use  the  AASHO  Road  Test  equations,  often  with 
coefficients  modified  in  an  attempt  to  represent  local  conditions  or 
concern,  while  others  have  conducted  their  own  panel  ratings  and  carried 
out  independent  correlation  analyses.   Some  states  correlate  roughness 
measurements  to  more  sophisticated  measurements  of  road  profile,  for 
example,  those  obtained  from  the  surface  dynamics  profilometer,  which 
are  in  turn  related  to  previously  established  serviceability  equations 
or  to  the  results  of  panel  ratings.   Thus,  there  is  no  universally 
accepted  standard  measure  of  pavement  serviceability.   This  is  discussed 
further  in  Chapter  7. 

It  was  not  found  necessary  to  prioritize  pavement  serviceability 
measures  for  use  in  this  project.   The  major  reason  for  this  is  that 
each  State  or  agency  generally  uses  only  one  method  (or  in  the  excep- 
tional case,  two  methods)  for  quantifying  serviceability.   In  fact,  in 
some  cases,  no  measure  of  serviceability  is  recorded.   Thus,  any  re- 
ported serviceability  variable  was  considered  a  potential  candidate  for 
modeling. 

Pavement  Performance 

Pavement  performance  has  in  the  past  generally  been  defined  as  a 
summary  of  accumulation  of  pavement  serviceability  index  based  on  objec- 
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tive  measurements  of  roughness  and/or  pavement  distress.   This  usage  of 
the  work  "performance"  stems  from  the  work  of  Carey  and  Irick  (Ref .  1), 
although  their  original  definition  left  considerable  room  for  greater 
generality.   There  has  been  no  universal  agreement  on  the  definition  of 
pavement  performance,  though.   For  example,  in  the  recent  literature, 
pavement  performance  is  defined  variously  as :   (1)  the  ability  of  a 
pavement  to  provide  an  acceptable  level  of  serviceability  with  a  speci- 
fied degree  of  reliability  at  an  assumed  level  of  maintenance  (Ref.  24) 1  ; 
(2)  allowable  repetitions  of  loading  prior  to  the  functional  failure  of 
the  pavement  (Ref.  25)  2;  and  (3)  the  probability  that  a  critical  life  of 
the  pavement  will  be  achieved  based  on  the  trend  of  deflection  changes 
up  to  the  onset  of  critical  conditions  (Ref.  26)^. 

At  the  beginning  of  this  project,  the  research  staff  felt  that 
performance  should  be  quantified  as  accumulated  serviceability.   That 
is,  the  serviceability  history  of  a  pavement  section  with  time  or  load 
was  taken  as  the  measure  of  performance  for  that  section.   Thus,  the 
major  modeling  effort  for  this  project  was  directed  toward  performance 
as  the  record  of  serviceability  over  time.   Certain  difficulties  were 
encountered  with  this  approach  during  the  conduct  of  the  research,  as 
described  in  subsequent  chapters.   The  project  staff  concluded  that  it 
would  be  desirable  to  use  a  more  comprehensive  measure  of  pavement 
performance;  however,  no  generally  accepted  measure  could  be  found. 
Hence,  part  of  the  research  effort  was  directed  toward  establishing  more 
comprehensive  performance  measures,  as  discussed  in  Chapter  6. 


EVALUATION  OF  EXISTING  MECHANISTIC  DISTRESS  MODELS 

Existing  models  for  pavement  structural  analysis  are  either  design 
or  research  oriented.   In  general,  the  more  input  variables  considered 
in  describing  the  material  properties  or  the  responses  of  a  pavement 
structure,  the  more  complex  the  analytical  procedure.   The  excessive 
computation  time  required  for  the  analysis  as  well  as  the  laboratory 
equipment  required  for  the  testing  of  the  material  properties  some- 


■^Kenis,  W.J.,  "Predictive  Design  Procedures,  VESYS  User's  Manual", 
Report  No.  FHWA-RD-77-132,  September  1977. 

2Crawford,  J.E.  and  M.G.  Katona,  "State-of-the-Art  for  Prediction  of 
Pavement  Response",  Report  No.  FAA-RD-7 5-183 ,  U.S.  Army  Engineer 
Waterways  Experiment  Station,  September  1975. 

3Kennedy,  C.K.  and  N.W.  Lister,  "Prediction  of  Pavement  Performance 

and  the  Design  of  Overlays",  Transport  and  Road  Research  Labora- 
tory Report  833,  Crowthorne,  Berkshire,  Great  Britain,  1978. 
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times  makes  the  research  oriented  type  of  analytical  tool  impractical 
for  everyday  design  purposes.   However,  the  research  oriented  models  can 
often  eliminate  some  over-simplified  assumptions  and  can  be  more  real- 
istic in  modeling  the  true  behavior  of  the  materials  as  well  as  the 
structural  response  of  the  pavement.   Since  the  goal  is  to  be  able  to 
relate  predicted  distress  value  to  pavement  performance,  the  models 
selected  should  be  able  to  predict  as  accurately  as  possible  the  occur- 
rence of  the  major  distresses  for  each  pavement  type.   The  basic  criteria 
used  to  select  the  candidate  models  are:   (1)  the  model  can  realistically 
simulate  the  material  properties  as  well  as  the  structural  response  of 
the  pavement,  (2)  the  model  should  be  able  to  predict  specifically  the 
occurrence  and  the  severity  of  the  major  distresses  that  are  common  to 
that  pavement  type.   The  evaluation  of  the  candidate  models  was  con- 
ducted separately  by  types  of  pavement,  which  include  flexible  pavement, 
jointed  concrete  pavement  (JCP) ,  jointed  reinforced  concrete  pavement 
(JRCP) ,  and  continuously  reinforced  concrete  pavement  (CRCP) .   Composite 
pavements  were  analyzed  in  conjunction  with  flexible  pavements. 

The  evaluation  of  existing  distress  models  is  discussed  in  Appendix 
C.   Models  selected  for  each  pavement  type  are  listed  in  Table  3. 


TABLE  3   SUMMARY  OF  MODELS 

Selected  Model 


Pavement  Type 
(1)   Flexible  Pavement  and 
Composite  Pavement 


VESYS  A 


Other  Models  Considered 


VESYS  IIM,  PDMAP,  COLD 


(2)   Jointed  Concrete 
Pavement 


JCP-1 


(3)  Continuously  Reinforced 
Concrete  Pavement 

(4)  Jointed  Reinforced 
Concrete  Pavement 


CRCP -2  & 
ELSYM5 


JRCP-2 


LAYER5,  LAYER15,  LAYIT 
BISAR,  CRCP-1 


JRCP-1 


The  models  selected  have  been  exercised  in  the  recent  past  by  mem- 
bers of  the  project  staff  to  evaluate  their  utility.   Results  from  the 
solutions  of  these  models  enable  us  to  determine  the  quantity  and  the 
magnitude  of  each  distress  given  a  pavement  structure  design,  loading  con- 
ditions, and  environmental  factors.   These  distresses  can  then  be  related 
to  serviceability  through  the  AASHO  equations,  the  time-independent  models 
discussed  in  Chapter  5,  or  a  similar  set  of  equations  developed  by  the 
individual  agency  involved. 

Either  mechanistic  or  empirical  models  can  be  used  for  predicting 
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pavement  distress.   The  primary  purpose  of  this  investigation,  however, 
is  to  relate  distress  to  performance.   For  this  purpose,  distress  need 
not  be  predicted,  but  can  be  measured  in  the  field.   Collection  of  actual 
field  records  of  pavement  distress  and  serviceability  is  discussed  in 
Chapter  3. 
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CHAPTER  3.   DATA  COLLECTION 


Records  of  pavement  distress,  serviceability  and  performance  were 
obtained  from  several  sources,  as  discussed  below.   These  data  were 
employed  in  the  modeling  effort  under  Tasks  B  through  E.   A  brief  descrip- 
tion of  each  data  source  is  given  in  this  chapter,  along  with  a  sample 
of  the  actual  data  obtained. 

It  should  be  pointed  out  here  that  an  exhaustive  effort  was  made 
through  our  advisory  panel  and  through  our  own  extensive  experience  in 
this  area  to  find  all  possible  available  pavement  performance,  distress 
and  serviceability  data  with  a  significant  time  and  traffic  history. 

The  amount  of  data  available  with  adequate  time  and  traffic  history, 
and  including  both  distress  and  performance  is  extremely  limited.   In 
nearly  every  case  some  aspect  of  the  needed  information  was  found  to  be 
missing  as  outlined  herein  in  detail.   Long  term  data  base  observations 
are  needed  to  solve  the  problems  posed  here. 


SPECIAL  RESEARCH  STUDIES 

The  initial  modeling  efforts  for  this  project  were  based  on  data 
records  from  special  research  studies.   Such  data  were  chosen  for  the 
preliminary  investigations  under  Task  B  because  they  include  fairly 
comprehensive  records  of  a  large  number  of  distress  types  for  both 
flexible  and  rigid  pavements,  obtained  under  controlled  conditions, 
along  with  the  needed  serviceability  and  performance  data. 

AASHO  Road  Test 

The  AASHO  Road  Test  provides  the  most  comprehensive  set  of  pavement 
distress  and  performance  data  yet  collected.   Hence,  these  records  are 
natural  candidates  for  distress/performance  modeling. 

The  data  recorded  at  the  AASHO  Road  Test  were  cataloged  and  stored 
in  a  series  of  data  files,  as  reported  in  Reference  3.  The  data  files 
available  for  use  in  this  project  included  4199-F,  4292-R,  and  7322-D. 
These  records  involve  data  for  both  flexible  and  rigid  tests  sections, 
and  include  plots  of  serviceability  and  distress  variables  as  measured 
biweekly  (both  microfilm  and  paper  copy  versions) ,  as  well  as  tabular 
numerical  records  of  distress  and  serviceability  data. 

Samples  of  these  data  records  are  provided  in  Figures  4  and  5  and 
Table  4.   The  pavement  distress,  performance,  and  time  variables  re- 
corded in  these  data  sets  are  summarized  in  Tables  5  and  6  for  flexible 
and  rigid  pavements,  respectively. 
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TABLE  5 


FLEXIBLE  PAVEMENT  VARIABLES,  AASHO  ROAD  TEST 


Distress  and 
Related  Variables 


Serviceability  or 
Performance  Variables 


Time  or  Traffic 
Variables 


Cracking,  Classes 
1,2,3 

(sq.ft. per  1000 
sq.ft) 

Rut  Depth 

(inches) 

Slope  Variance 

(dimensionless) 

Roughness  Index 

(dimensionless) 

Patching 

(sq.ft. per  1000 
sq.ft.) 

Deflection 

(mils) 


PSI 

(dimensionless) 

"Performance  Data" 
(=simultaneous  PSI 
and  accumulated  axle 
load  values) . 


AASHO  Road  Test 


Index  Day 


Month 

Accumulated 

Axle  Load  Applica- 

cations 

(dimensionless) 
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TABLE  6 


RIGID  PAVEMENT  VARIABLES,  AASHO  ROAD  TEST 


Distress  and 
Related  Variables 


Serviceability  or 
Performance  Variables 


Time  or  Traffic 
Variables 


Cracking,  Classes    PSI 
1,2,3  and  4  and      (dimensionless) 
Cracking   Index      "Performance  Data" 
(ft. per  1000  sq.ft.)  (=simultaneous  PSI  and 

accumulated  axle  load 

values) 


Pumping  Index 
(cubic  in. per  in.) 


Slope  Variance 
(dimensionless) 

Patching 
(sq.ft. per  1000 
sq.ft.) 

Deflection 
(mils) 

Surface  Strain 
(microinches  per 
inch) 


AASHO  Road  Test 
Index  Day 

Month 

Accumulated  Axle 

Load  Applications 
(dimensionless) 
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Brampton  Test  Road 

In  1965,  thirty-six  200  ft.  (61  m. )  test  sections  of  flexible 
pavement  were  constructed  on  Highway  10  north  of  Brampton,  Ontario. 
Periodic  measurements  of  various  pavement  distress,  performance  and 
related  variables  were  made  throughout  the  rest  of  the  decade,  and  were 
continued  into  the  late  1970s  on  several  surviving  test  sections.   Dr. 
W.A.  Phang  of  the  Ontario  Ministry  of  Transportation  and  Communications 
graciously  made  available  some  of  these  distress  and  performance  records 
for  use  in  this  project. 

Examples  of  the  Brampton  Test  Road  data  are  provided  in  Figures  6 
through  8  and  Table  7.   Table  8  lists  the  distress,  performance  and  time 
variables  measured  at  the  Brampton  Test  Road. 

TTI  Data  Base 

For  several  years  Dr.  R.L.  Lytton  and  his  collegues  at  the  Texas 
Transportation  Institute  have  been  collecting  data  from  the  Texas  State 
Department  of  Highways  and  Public  Transportation  for  use  in  a  number  of 
research  efforts.   These  data  records  have  been  compiled  in  a  computer- 
ized data  base  including  pavement  condition,  traffic  and  environmental 
information  on  hundreds  of  sections  of  interstate,  primary  and  secondary 
roadways  throughout  Texas.   Dr.  Lytton  generously  provided  a  portion  of 
this  data  base  to  ARE  Inc  for  use  in  this  project. 

Data  on  over  100  sections  of  flexible  and  composite  pavements  were 
provided.   Examples  of  these  data  records  are  shown  in  Figures  9  and 
10,  and  Table  9  lists  the  distress,  performance  and  time  variables 
included.   Note  that  this  is  one  of  the  most  comprehensive  data  bases 
used  in  this  research  effort. 


STATE  TRANSPORTATION  AGENCIES 

To  assure  a  wide  range  of  applicability  for  the  results  of  this 
project,  and  to  achieve  a  firm  basis  for  their  practical  use,  data 
records  were  solicited  from  several  State  highway  agencies.   These  data 
records  were  collected  under  Task  C  for  use  primarily  in  that  Task, 
although  considerable  overlap  occurred  with  Tasks  B  through  E.   The" 
states  contacted  were  those  known  to  have  records  available  from  special 
research  studies  or  from  pavement  management  system  development  and 
implementation. 

Washington 

Washington  has  been  involved  in  the  development  and  implementation 
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Figure    6 


Example    distress    index    (DI)    plot,    Brampton    Test   Road 
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BRAMPTON   TEST   ROAD 
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Figure  7      Example  rut  depth  plot,  Brampton  Test  Road 


1  in.  =  2.54  cm. 
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Figure   8    Example  riding  comfort  rating  (RCR)  plot, 
Brampton  Test  Road 
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TABLE  7      EXAMPLE  PAVEMENT  CONDITION  RECORD,  BRAMPTON  TEST  ROAD 

Section  35  5*5-6-18 

DATE  DISTRESS  INDEX 

~YR  MO     RCR     DM     DI     DESCRIPTION 

65  10      8      80    0.0 

66  06      6      69    0.0 

67  03      6      66   15.0     Rutting  V.SL.  throughout 

Trans  half  V.SL.  FEW 


68 

05 

6 

66 

15.0 

69 

03 

6 

66 

15.0 

70  10      5      60   15.0     Ravelling  V.SL.  FEW 

Rutting  SL.  throughout 
Longit.  W.P.  single  V.SL.  FEW 
Pave,  edge  single  V.SL.  FEW 
Trans  half  V.SL.  FEW 

71  04      5      60   15.5     Ravelling  V.SL.  FEW 

Rutting  SL.  throughout 
Longit.  W.P.  single  V.SL.  f req . 
Pave,  edge  single  V.SL.  inter. 
Trans  partial  V.SL.  FEW 
Trans  half  V.SL.  FEW 

74  06      5      60   18.3     Ravelling  SL.  FEW 

Rutting  SL.  throughout 

Longit  W.P.  single  V.SL.  extensive 

Midlane  single  V.SL.  freq. 

Pave,  edge  V.SL.  extensive 

Trans  half  V.SL.  FEW 
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TABLE  8 


FLEXIBLE  PAVEMENT  VARIABLES,  BRAMPTON  TEST  ROAD 


Distress  and 
Related  Variables 


Serviceability  or 
Performance  Variables 


Time  or  Traffic 
Variables 


Rut  Depth 
(inches) 

Ravelling 
(severity  and 
extent) 

Cracking 
longitudinal, 
transverse  and 
edge 

(severity  and 
extent) 

Deflections 
(mils) 

Frost  Depth 
(inches) 

Distress  Index 
(DI) ,  a  combina- 
tion of  RCR  and 
defect  values  for 
various  distresses 


Riding  Comfort  Rating 
(RCR) ,  also  known  as 
Pavement  Performance 
Rating  (PPR) 
(dimensionless) 


Calendar  day 

Accumulated 
Equivalent 
18-kip  Axle  Loads 
(dimensionless) 
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TABLE  9 


FLEXIBLE  AND  COMPOSITE  PAVEMENT  VARIABLES,  TTI  DATA  BASE 


Distress  and 
Related  Variables 


Serviceability  or 
Performance  Variables 


Time  or  Traffic 
Variables 


Condition  Survey: 
Rutting,  Flushing 
Corrugations,  Rav- 
eling, Cracking 
(Alligator,  trans- 
verse and  longitu- 
dinal) , 

Failures  per  mile . 
(severity  &  extent) 

Patching 

(severity  &  extent) 

Pavement  Rating 
Score   (PRS) 
(dimensionless) 

Skid  Number 

Deflections,  Dyna- 
flect  and  Surface 
Curvature 

Index   (mils) 


PSI 
(dimensionless) 

Standard  Deviation 
and  Coefficient  of 
Variation  of  Annual 
PSI  Measurements 
(dimensionless) 


Year 

ADT 
(dimensionless) 

Accumulated  Vehicle 

trips 

(dimensionless) 

Accumulated 
Equivalent   18-kip 
Axle  Loads 
(dimensionless) 
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of  a  pavement  management  system  for  several  years  (Refs.  441,  452)  .   As 
a  result,  they  have  compiled  an  extensive  pavement  condition  and  perform- 
ance data  base,  a  major  portion  of  which  has  recently  been  transferred 
to  a  computerized  master  file  system.   Messrs.  Roger  LeClerc  and  Tom 
Nelson  of  the  Washington  Department  of  Highways  were  most  helpful  in 
providing  a  printout  of  the  Master  File  listing  for  all  sections  of 
Interstate  5.   In  addition,  they  arranged  for  the  transfer  of  selected 
data  records  to  ARE  Inc  in  coded  form  on  magnetic  tape  to  expedite  our 
analysis. 

Examples  of  the  Master  File  listings  for  flexible  and  rigid  pave- 
ment sections  are  reproduced  in  Tables  10  and  11.   Tables  12  and  13  list 
the  distress,  performance  and  time  variables  recorded  for  flexible  and 
rigid  pavement  sections,  respectively. 

Utah 

Utah  has  also  done  considerable  work  in  the  area  of  pavement  man- 
agement during  the  last  decade  (Refs.  44,  463)  ,  and  has  thus  collected 
several  years  of  pavement  condition  and  performance  data,  much  of  which 
is  stored  in  a  computerized  data  base.   Mr.  Dale  Peterson  of  the  UTAH 
DOT^  was  most  helpful  in  arranging  for  a  data  sample  for  use  in  this 
project. 

The  data  received  from  Utah  include  pavement  condition  and  perform- 
ance records  for  fifteen  flexible  pavement  sections.   Examples  of  these 
data  are  reproduced  in  Figures  11  and  12.   The  pavement  distress,  perform- 
ance and  time  variables  included  in  the  UDOT  data  sample  are  listed  in 
Table  14. 

Minnesota 

In  the  early  1960s,  Minnesota  began  a  major  performance  study  of 
flexible  pavements.   This  study,  known  as  Investigation  183,  produced  an 
annual  record  of  pavement  condition  and  performance  variables  over  the 
period  1964-1977.   Mr.  Erland  Lukamen  of  the  Minnesota  DOT  graciously 


^errel,  R.L.  and  R.V.  LeClerc,  "Pavement  Management  Workshop,  Tumwater, 
Washington",  Report  No.  FHWA-TS-79-206 ,  September  1978. 

2Finn,  F.N.,  R.  Kulkarni  and  K.  Nair,  "Pavement  Management  System  Feas- 
ibility Study",  Final  Report  prepared  for  the  Washington  Highway  Com- 
mission by  Materials  Research  and  Development,  Oakland,  California, 
August  1974. 

3Anderson,  D.I.,  D.E.  Peterson  and  L.W.  Shepherd,  "Improvement  of 

Utah's  Flexible  Pavement  Performance  System",  Report  No.  UDOT- 
MR-76-1,  Final  Report,  March  1976. 


39 


H 
O 
Q 

Z 

o 

H 

O 

M 


z 

M 
H 


W 

i— i 

W 
H 

CO 


H 
Z 

w 
w 

Pm 

w 

pa 
i— i 

X 

w 
Pn 

w 
P-. 


fcd 


o 


CO 
H 


2"0 


| 'XV 


l~ 


i/1    c 
2      o 

cr     o 


|X      9 


iiir  7-~r  J.) 


COOM'X.-C>* 


'  J'  s-  J 


-»tr  \rti»  cir. is  o  .r 
j(  ^  ir  ru  cj  t-  » i\i  ^  i  j-  ru  o .-  3-  i\j 


<a  -.  •«.  — . 


._*     f  ""*•"  iti'^r^Kr/'irt^— J,\— 


^  r  Z  ;H r  .■ 


I 


i         «  .1.  X  .1    Lll/W^isTiCO  '.\j  ""  O  C  Cj  f  ~ 


40 


H 
O 
Q 

Z 
O 
H 
O 
Z 
M 

cn 
<3 

o 
z 

H 
H 


Pi 
H 

H 
Z 
W 


w 
hJ 

H 


"I  3    l\. 

O-*  — « 

2-  J-i 

J5   C 

•     o  LT 
.£?  — 

U.--5 

>3   >C 

IS     1 

^3  IP 

I;  r- 

<xs  r~ 

5=  r- 

IPO 
l/"0 

Too 
i/".o  — 

X»  n 

_»  _j 

l5o  O- 
2*  LP 

2=  a 

9    O 

Co   C 

LUO    f. 

xo  ri 
e  pj 

i;  in 

e 

C»  — 

•  r 

Co  c- 

U-9 

o  — 

'.1  0 

•  •* 

U»  C 

•  P. 

2      e 


>—     e 

2.      o 


i«_:s9 


C  i  o 
Q.X  o 


I—  <  s 


IP      (i 
*      0 

o     o 


CvP3 

_»a  o 
S  30 


a.  o 

•_i_'0 

a  2  s> 


<_>     * 


u_      e 

—      o 
J-       o 


222 


222 


22  —  1 


oooc 
tccc 

OCX  •* 


?j?; 
<i<« 


re  c 

r 


-?r-  z.  p 


2  —  2  ; 


222 


2221 


-TOC  C 
C.  OOi 

MICI" 


c  l'-c  i- 


<z  —  —  <z 

r  -ox-j- 


7.  ?>X_ 


»'  -TlT.. 


C  -Tr  Pi  ' 


22 


OOOC 

c  ooc 


_)_(_>-. 


—  22  .12  2- 


222 


2  221 


OOC 

oc  o 


—  oo 

.'.-TJ--: 


X  xor- 


2221 


— .— /— :r*  r-irv 
r—  r>-  »»■  r>  r-  ."•»  * 


222 


222 


oooc 
c  ooc 


;<ro  -z. 
•t.sis . 


;oo 

-  S  r-. 


=■  X  <T  C 


:  .r-r-.j'.-s.fv" 
■.•".ir'  -j  c  . 


222 


2  2 


2222 


2222 


2222  222 


o  ooc 
oooc 


jooc 
oo< 


ooo 
ooo 
f-cccr 


_•_(-  _»_J_f 


r-  r^  r~  f 


41 


TABLE  12 


FLEXIBLE  PAVEMENT  VARIABLES,  WASHINGTON  DOT 


Distress  and 
Related  Variables 


Serviceability  or 
Performance  Variables 


Time  or  Traffic 
Variables 


Condition  Survey 
Rutting, 
Cracking 

(Longitudinal  and 
Transverse) 
Wave  Sags, 
Raveling-Flushing 
(severity  &  extent) 

Patching 

(severity  &  extent) 


Bump  Count 

(PCA  Roadmeter  counts 
per  mile) 

Bump  Count 
Measurement  Speed 
(mi/hr.) 


Year 
ADT 

Percent  trucks 


TABLE  13 


RIGID  PAVEMENT  VARIABLES,  WASHINGTON  DOT 


Distress  and 
Related  Variables 


Condition  Survey: 

Surface  Wear, 
Blow-ups, 
Cracking, 
Raveling, 
Joint  Spalling 
Pumping, 

Faul t  ing-Warp  ing 
(severity  &  extent) 

Patching 

(severity  &  extent) 


Serviceability  or 


Time  or  Traffic 


Performance  Variables 

Variables 

Bump  Count 

Year 

(PCA  Roadmeter  counts 

per  mile) 

ADT 

Bump  Count 

Measurement  Speed 

Percent  trucks 
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TABLE  14 


FLEXIBLE  PAVEMENT  VARIABLES,  UTAH 


Distress  and 
Related  Variables 


Serviceability  or 
Performance  Variables 


Time  or  Traffic 
Variables 


Rut  Depth (inches) 

Distress  Index 
(dimensionless) 

Skid  Index 
(Skid  number) 

Deflections,  Dyna- 
flect  and  Surface 
Curvature  Index 
(mils) 

Structural  Index 
(dimensionless) 


PSI 


Year 

Accumulated 
Equivalent 
18-kip  Loads 
(latest  year  only) 
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provided  summary  sheets  on  over  50  pavement  sections  as  well  as  copies  of 
original  data  sheets  for  several  sections. 

An  example  summary  sheet  is  shown  in  Figure  13  and  a  portion  of  the 
data  record  contained  in  this  figure  is  reproduced  in  Table  15.   Table 
16  lists  the  paveemnt  distress,  performance  and  time  variables  recorded 
in  the  Minnesota  data  sample. 

Illinois 

After  the  completion  of  the  AASHO  Road  Test,  some  test  sections  be- 
came part  of  U.S.  66  -  Interstate  40.   Though  many  sections  were  overlaid 
or  reconstructed,  a  large  number  of  the  original  rigid  pavement  sections 
from  Loops  4,  5,  and  6  remained  in  service.   A  small  research  staff  re- 
mained at  the  test  site  and  continued  to  record  pavement  condition  and 
performance  data  for  what  is  now  referred  to  as  the  rehabilitated  AASHO 
Test  Road  (Ref.  47) 1.      Mr.  Don  Schwartz  of  the  Illinois  DOT  graciously 
provided  summary  sheets  on  sixty  of  the  original  rigid  test  sections  and 
twenty  sections  constructed  after  the  end  of  the  Road  Test.   These 
sheets  contain  performance  and  condition  records  for  the  period  1962- 
1974,  with  sections  identified  by  their  original  Road  Test  section 
number,  where  applicable. 

Figure  14  illustrates  a  summary  sheet  for  the  rehabilitated  AASHO 
Test  Road,  and  Table  17  lists  a  portion  of  the  data  record.   The  pave- 
ment distress,  performance  and  time  variables  involved  are  given  in 
Table  18. 

Georgia 

Georgia  has  many  miles  of  jointed  concrete  pavements.   Faulting  was 
recognized  as  a  serious  problem  over  a  decade  ago,  and,  consequently, 
extensive  faulting  surveys  were  conducted  during  the  1970s.   Since 
faulting  was  identified  as  an  important  distress  type  for  study  in  this 
project,  and  since  other  data  sources  did  not  provide  adequate  faulting 
records,  ARE  Inc  requested  a  sample  of  faulting  data  from  Georgia.   Mr. 
Wouter  Gulden  of  the  Georgia  DOT  kindly  supplied  a  summary  of  faulting 
in  jointed  concrete  interstate  pavements  for  the  period  1971-1976,  along 
with  a  graph  relating  faulting  index  value  to  cumulative  truck  traffic. 

The  pavement  distress,  performance  and  time  variables  included  in 
the  faulting  summary  are  listed  in  Table  19. 


1 Burke,  J.  and  J.E.  LaCroix,  "Final  Summary  Report  -  Route  U.S.  66 
Condition  Survey"  (IHR-6) ,  Research  and  Development  Report  No, 
33,  Illinois  DOT,  June  1971. 
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TABLE  15    PORTION  OF  DATA  RECORD  FROM  SUMMARY  SHEET,  MINNESOTA 


TS   21 


T.H.  55   East  of  T.H.  101 

S.P.  2723  -        1251  +  00  to  1263  +  00  E.B.L, 

Built  in  1961 


2351 

4   inches 

2208 

1.5   inches 

CL.    5 

6   inches 

CL.    4 

12.5   inches 

G.E. 

26.63 

A-6 

P 

R-17 


1  inch  =  2.54  cm. 


1964 


1965 


1966 


1967 


1968 


Deflection,   x 

.025 

.027 

.026 

.027 

.029 

x  +  2cr 

.030 

.033 

.031 

.030 

.040 

E  N18 

59,745 

86,189 

116,446 

151,462 

192,419 

C  +  P 

0 

0 

0 

0 

0 

RD 

.01 

.01 

0 

.10 

.13 

RI 

56.00 

62.50 

58.00 

61.50 

74 .00 

PSI 

4.07 

3.88 

4.01 

3.90 

3.57 

PSR 

4.07 

4.17 

4.03 

3.80 

3.50 
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TABLE  16      FLEXIBLE  PAVEMENT  VARIABLES ,  MINNESOTA 

Distress  and  Serviceability  or         Tine  or  Traffic 

Related  Variables      Performance  Variables  Variables 


Rut  Depth  PSI  Year 

(inches) 

Cracking  &  Patch-  PSR  Accumulated 

ing  (function  of  logarithm  Equivalent 

(sq.ft. per  1000  of  counts  per  mile  18  kip  Axle  Loads 

sq.ft.)  PCA  Roadmeter) 

Roughness  Index 
(BPR  Roughometer) 

Deflection 
(mils) 
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Figure  14     Sample  summary  sheet,  Rehabilitated  AASHO  Test  Road, 
Illinois 
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TABLE  18 


RIGID  PAVEMENT  VARIABLES,  REHABILITATED  AASHO  TEST  ROAD,  ILLINOIS 


Distress  or 
Related  Variables 


Serviceability  or 
Performance  Variables 


Time  or  Traffic 
Variables 


Cracking : 

Transverse,  Class 
1 ,  2 ,  3 ,  and  4 
Longitudinal,  Class 
1 ,  2 ,  3 ,  and  4 
(number  and  length) 
"D"  Cracks 
(sq.  ft.) 
Infiltration 
(number  and  length) 


PSI 

(based  on  Roughness 
Index) 


Year 


Accumulated 
Equivalent 
18-kip  Axle  Loads 


Sealing  and  Raveling 
(sq.  ft.) 


Spalling  Class  1,2,3,4 
(number) 


Faulting 
(inches) 


Deflection,  Center 
and  Edge  (mils) 
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TABLE  19 


RIGID  PAVEMENT  VARIABLES,  GEORGIA 


Distress  or 
Related  Variables 


Serviceability  or 
Performance  Variables 


Time  or  Traffic 
Variables 


Faulting  Index 
(accumulated 
faulting,  five 
consecutive  joints, 
thirty-seconds  of 
an  inch) 


none  available 


Year 
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PUBLISHED  REPORTS 

In  addition  to  the  primary  data  sources  described  above,  a  number 
of  research  reports  containing  pavement  condition  and  performance  data 
are  available  in  the  literature.   Three  studies  (Refs.  481,  492,  and 
50  )  provided  secondary  data  bases  for  use  in  this  project. 


Dallas,  B.F.  and  J.F.  Shook,  "San  Diego  County  Experimental  Base 
Project,  Final  Report",  Parts  I  and  II,  Research  Report  77-1, 
The  Asphalt  Institute,  November  1977. 

2Shook,  J.R.  and  B.F.  Kallas ,  "Ordway,  Colorado  Experimental  Base 
Project  Performance  Studies,  Progress  Report",  Report  No. 
CDOH-DTP-R-78-6,  The  Asphalt  Institute,  December  1978. 

3Shah,  G.N.,  "Performance  Study  of  Continuously  Reinforced  Concrete 
Pavement  on  1-95",  Report  No.  FHWA-MD-R-78-11,  Final  Report, 
June  1978. 
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CHAPTER  4.   GENERAL  DISTRESS  TO  PERFORMANCE  RELATIONSHIPS 


The  distress/performance  problem  is  quite  complex.   Consequently, 
the  work  undertaken  in  the  early  phases  of  the  Project  was  directed 
toward  the  establishment  of  generalized  distress/performance  relation- 
ships and  an  identification  of  the  primary,  secondary,  and  time-depen- 
dent effects  of  pavement  distress  on  serviceability  and  performance. 
The  mechanisms  and  sequences  of  pavement  distress  occurrence  were  exam- 
ined in  terms  of  primary,  secondary  and  time-dependent  effects.   A 
generalized  distress  sequence  and  some  specific  examples  are  presented 
below.   Also  presented  are  graphical  representations  of  generalized 
relationships  between  various  distress  types  and  serviceability. 


BASIC  SEQUENCE  OF  PAVEMENT  DISTRESS  DEVELOPMENT 

The  sequence  of  occurrence  of  pavement  distress  varies  among  dis- 
tress types  and  pavement  types.   However,  the  general  features  of  dis- 
tress development  follow  a  basic  pattern  that  has  been  identified  in 
Reference  18.   This  basic  sequence  is  illustrated  in  Figure  15. 

The  sequence  proceeds  as  follows :   An  applied  load  or  environmental 
effect  initiates  a  response  mechanism  within  the  pavement,  causing  the 
pavement  to  exhibit  a  response.   If  this  response  exceeds  some  limiting 
value,  a  distress  mechanism  is  initiated.   This  distress  mechanism  then 
produces,  either  immediately  or  after  some  repetition,  a  distress  mani- 
festation. 

To  illustrate  this  process,  consider  the  development  of  fatigue 
cracking  in  flexible  pavements.   In  this  case,  the  response  mechanism 
would  be  bending  due  to  an  applied  wheel  load.   The  primary  response  in 
tensile  strain  reaches  or  exceeds  some  limiting  value.   However,  the 
distress  mechanism  is  much  more  complex.   The  distress  mechanism  would 
be  that  process  that  reduces  the  resistance  of  the  pavement  material  to 
tensile  strains  as  a  pavement  is  subjected  to  repetitive  bending  by 
passing  wheel  loads.   As  the  pavement  material  is  "fatigued"  and  its 
tensile  strength  is  reduced  by  this  process,  the  magnitude  of  the  ten- 
sile strain  response  necessary  to  initiate  a  crack  is  continuously 
decreased.   This  process  continues  along  with  increased  bending  at  the 
crack  (and  thus  more  tensile  strain)  while  the  crack  propagates  toward 
the  surface.   At  some  point  as  the  crack  approaches  the  surface,  other 
distress  mechanisms  may  come  into  play  for  the  final  development  of  the 
full-depth  crack.   It  should  be  noted  that  the  use  of  the  term  "fatigue" 
is  simplistic  since  microcracks  are  generally  presented  in  asphalt 
concrete  materials.   "Crack  initiation"  is  more  accurately  described  as 
enlargement  of  a  microcrack,  while  crack  propagation  may  be  described  as 
a  continuous  process  of  microcrack  interconnections. 

Figure  16  illustrates  a  slightly  more  complex  version  of  the 


55 


Load  or  Environment 


Response 
Mechanism 


Response 


Limiting  Response 


Distress 
Mechanism 


Distress 
Manifestation 


Figure  15    Basic  distress  sequence 
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Figure  16     Development  of  fatigue  cracking  in  an  asphalt  concrete 
pavement 
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development  sequence  for  fatigue  cracking.   As  before,  the  response 
mechanism  is  bending,  but  in  this  example  the  bending  leads  to  the 
response  tensile  strain,  deflection,  compressive  strain,  and  shear 
strain.   The  latter  three  do  not  have  a  direct  effect  and  are  shown  to 
the  side  and  terminating.   The  arrow  from  the  distress  mechanism  is 
intended  to  show  that  it  is  active  long  before  the  limiting  tensile 
strain  is  reached,  and  that  it  continues  to  lower  the  response  threshold 
after  the  crack  is  initiated  and  contributes  along  with  increased  ten- 
sile strain  to  facilitate  propagation  of  the  crack.   The  distress  in  the 
form  of  a  fatigue  crack  is  shown  to  have  occurred  when  a  crack  is  ini- 
tiated, but  would  manifest  itself  later  as  observable  cracks  at  the 
surface  of  the  pavement. 

Secondary  Distresses 

One  of  the  principle  difficulties  in  establishing  satisfactory 
relationships  between  distress  and  serviceability  history  or  performance 
is  the  problem  of  incorporating  secondary  distresses  in  the  relation- 
ships.  For  example,  the  occurrence  of  a  moderate  amount  of  surface 
cracking  in  a  pavement  has  very  little  effect  on  riding  comfort.   How- 
ever, cracking  allows  the  infiltration  of  moisture  into  the  base,  sub- 
base,  and  subgrade,  which  is  one  of  the  principle  causes  of  subsequent 
loss  of  riding  comfort.   In  effect,  increased  moisture  creates  a  change 
in  the  pavement  structure  that  causes  it  to  respond  differently  to  wheel 
loads  than  when  the  structure  was  uncracked .   Figure  17  illustrates 
secondary  distress  due  to  fatigue  cracking,  beginning  with  the  initial 
information  of  fatigue  cracks.   Moisture  infiltrates  the  base,  subbase, 
and  subgrade  through  cracks  and  has  the  effect  of  altering  the  pavement 
material  properties.   The  reduced  stiffnesses  allow  more  bending  and 
increased  tensile  strain  at  new  locations;  and  new  cracks  are  initiated 
and  propagate  to  the  surface,  where  multiple  cracks  such  as  those  often 
called  "alligator  cracking"  result. 

A  second  and  parallel  mechanism,  pumping  erosion,  could  also  be 
initiated  (Figure  18).   In  this  case,  the  moisture  infiltration  reduces 
the  moduli  of  elasticity  for  the  base,  subbase,  and  subgrade,  while 
pumping  erosion  creates  voids  in  the  support  under  the  surface  layer. 
The  secondary  response  mechanism  is  increased  bending  of  the  surface 
layer.   The  secondary  responses  are  increased  tensile  strain  and  shear 
strain.   The  secondary  distress  mechanism  is  again  material  fatigue,  but 
may  include  several  distress  mechanisms  as  discussed  above.   The  second- 
ary distress  is  again  fatigue  cracking,  but  it  has  been  accelerated  and 
the  eventual  result  will  be  multiple  or  alligator  cracking. 

A  similar  visual  outline  could  be  drawn  using  both  the  effects  of 
moisture  infiltration,  pumping,  and  the  resultant  accelerated  fatigue 
cracking  to  follow  through  to  rutting  and  formation  of  "pot  holes"  as 
other  secondary  or  tertiary  distresses.   These  last  two  distresses 
affect  the  serviceability  directly  and  create  a  need  for  maintenance. 


58 


Primary  Distress 


Environmental  and 
Load  Effects 


Secondary 
Response  Mechanism 


Secondary  Response 


Secondary  Distress 
Mechanisms 


Secondary  Distress 
Manifestation 


Surface  Fatigue 
Cracks  from 
Figure  4.2 


Moisture  Infiltration 
and  Reduced  Stiffnesses 
Plus  Continued  Loading 


Increased 
Bending 


Increased 
Tensile  Strain 


Limit  ing 
Response 


Material  Fatigue 
Initiates  New  Cracking 


New  Cracks  Propagate 
Due  to  Material  Fatigue 
or  other  possible 
Mechanism 


Increased  i.Fatigue  Cracking 
(Alligator  or 
Block  Cracking) 


Figure  17   Increased  fatigue  cracking  (secondary  distress)  in  an 
asphalt  concrete  pavement  due  to  moisture  infiltration 
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The  basic  sequence  of  distress  development  discussed  above  is 
applied  in  expanded  form  to  several  selected  distress  types  in  Appendix  D. 


DISTRESS  AND  SERVICEABILITY  PATTERNS 

The  sequences  of  distress  development  in  the  previous  section  and 
in  Appendix  D  provide  a  basis  for  distress/performance  modeling.   The 
next  step  is  to  include  serviceability  along  with  the  distress  variables, 
and  consider  the  development  of  these  variables  as  a  function  of  time  or 
accumulated  loads.   In  this  manner,  distress  and  serviceability  patterns 
were  developed  by  the  project  Advisory  Panel.   This  panel  was  composed 
of  experienced  engineers  from  design,  maintenance  and  research  divisions 
of  state  highway  agencies  as  well  as  pavement  researchers. 

No  universal  agreement  on  distress  and  serviceability  patterns  was 
achieved.   Thus,  although  the  sequence  of  distress  development  is  basic- 
ally the  same  in  all  areas  of  the  country,  the  details  of  the  distress 
and  serviceability  patterns  with  time  are  by  no  means  identical.   Never- 
theless, a  number  of  distress/serviceability  patterns  were  identified, 
and  these  provide  a  reasonable  illustration  of  the  range  of  patterns 
found  throughout  the  nation. 

Flexible  Pavement 

Figure  19  is  a  composite  drawing  illustrating  three  typical  pat- 
terns for  distress  and  serviceability  in  asphalt  concrete  pavements  as  a 
function  of  accumulated  load  applications.   These  curves  are  abstracted 
from  the  general  shapes  of  fifteen  different  distress  and  serviceability 
histories,  used  for  a  variety  of  designs  and  conditions,  drawn  by  dif- 
ferent individuals.   An  example  of  these  histories  for  a  range  of  pave- 
ment designs  and  environments  is  given  in  Figure  20. 

In  addition,  the  relationship  between  the  occurrence  of  a  specific 
distress  and  the  consequent  loss  of  serviceability  is  expected  to  depend 
on  which  of  the  major  distress  modes  develops  first.   In  many  situations, 
rutting  is  the  first  type  of  distress  to  be  observed  in  a  flexible  pave- 
ment.  During  the  first  2-3  years  it  would  not  be  unusual  to  measure 
average  rut  depths  in  the  range  of  1/8"  (0.32  cm.)  to  1/4"  (0.64  cm.). 
The  cause  of  this  early  rutting  is  thought  to  be  associated  primarily 
with  densif ication  of  the  asphalt  concrete  or  upper  layers  of  the  pave- 
ment structure.   Some  plastic  flow  may  also  occur;  however,  in  most 
situations  this  will  not  be  progressive;  in  fact,  it  would  be  very 
difficult  to  identify  the  relative  proportation  of  densif ication  and 
plastic  flow  for  small  magnitudes  of  rutting. 

As  materials  densify  they  appear  to  approach  a  steady  state;  i.e., 
very  little  additional  rutting  per  load  application. 

Asphalt  concrete  can  probably  accommodate  an  average  level  of 
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rutting  of  3/8"  (1  cm.)  without  seriously  increasing  the  potential  for 
cracking;  when  rutting  exceeds  this  amount,  longitudinal  cracking  may 
occur  along  the  edge  of  the  rut. 

As  the  asphalt  ages  and  becomes  more  brittle  the  potential  for 
cracking  increases.   In  most  cases  some  cracking  in  the  rutted  area  can 
be  expected  to  occur  after  6-8  years  of  service.   If  rutting  reaches 
3/4"  (2  cm.),  cracking  could  occur  sooner. 

When  cracking  occurs  in  a  pavement  exhibiting  rutting  greater  than 
3/4"  (2  cm.)  it  will  probably  cause  the  rate  of  rutting  to  increase 
which  in  turn  will  accelerate  the  progression  of  cracking.   Ruts  form 
channels  in  which  water  can  be  stored  and  cracks  provide  an  easy  path 
for  the  water  to  enter  the  substructure.   The  result  would  be  an  in- 
crease in  the  level  of  deflection,  under  traffic,  with  possible  "pumping 
of  unbound  fines  in  the  aggregate  base",  as  discussed  previously. 

A  possible  distress/serviceability  history  for  an  asphaltic  con- 
crete pavement  section  with  rutting  as  the  primary  distress  is  shown  in 
Figure  21. 

The  other  possibility  of  major  interest  is  that  premature  fatigue 
cracking  may  occur.   If  fatigue  cracking  occurs  first,  or  at  a  somewhat 
accelerated  rate,  it  could  hasten  the  time  at  which  pavements  would 
exhibit  significant  levels  of  rutting.   For  example,  in  most  situations 
rutting  will  occur  first  and  cracking  may  not  be  observed  during  the 
first  6-8  years  of  service.   However,  if  for  some  reason  the  cracking 
starts  in  2-3  years  it  could  accelerate  the  early  stages  of  rutting  by 
2-3  years. 

The  mechanism  in  this  case  is  similar  to  that  for  rutting  as  the 
primary  distress  mode;  i.e.,  the  pavements  leak  water  to  the  substruc- 
ture causing  pumping  and  deflection  which  will  most  probably  lead  to 
rutting.   This  mechanism  is  discussed  in  detail  in  the  proceeding  sec- 
tion. 

Premature  fatigue  cracking  is  considered  more  damaging  to  the  life 
cycle  of  the  pavement  than  is  premature  rutting,  assuming  rutting  is  not 
dominated  by  plastic  flow  or  shear  deformation. 

Figure  22  illustrates  a  possible  distress/serviceability  history 
with  fatigue  cracking  as  the  primary  distress.   Notice  that  rutting 
nevertheless  plays  a  significant  role  in  this  case  as  well.   This  re- 
flects the  predominant  opinion  of  the  advisory  panel  regarding  the 
relative  impact  of  rutting  and  fatigue  cracking  on  serviceability.   That 
is,  in  developing  Figures  21  and  22,  the  following  criteria  were  used: 

(1)   PSI  is  responsive  to  the  amount  of  rutting  and  the  rate  of 
rutting. 
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Figure  21     Flexible  pavement  distress/serviceability  history 
with  rutting  as  the  primary  distress 
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(2)  PSI  is  not  as  immediately  responsive  to  cracking  as  it  is  to 
rutting;  however,  the  occurrence  of  cracks  would  be  expected 
to  have  some  effect  on  PSI  both  present  and  future. 

Rigid  Pavements 

Figure  23  illustrates  some  typical  distress  and  serviceability 
patterns  for  portland  cement  concrete  pavements  as  a  function  of  time. 
Again,  these  curves  are  composites  abstracted  from  sketches  drawn  by 
several  different  individuals.   An  example  of  these  individual  drawings 
is  provided  in  Figure  24. 

The  sequence  of  distress  for  rigid  pavements  will  be  a  function  of 
the  basic  geometry  of  the  individual  pavement  slabs.   In  general,  low 
temperature  and  shrinkage  cracks  will  not  occur  in  the  shorter  pavement 
slabs.   However,  once  the  slab  length  exceeds  approximately  30  feet  (9.1  m. ) , 
low  temperature  or  shrinkage  cracking  will  probably  occur  intermediately 
between  construction  joints.   This  crack  will  usually  occur  at  a  section 
that  has  been  weakened  by  a  cut  and  should  not  present  an  unsightly 
crack  at  the  surface.   The  load  transfer  at  such  a  crack  must  occur  from 
aggregate  interlock.   If  aggregate  interlock  does  not  occur  or  if  par- 
ticularly expansive  aggregates  are  used,  the  crack  may  open  excessively, 
permit  entry  of  foreign  material,  then  local  overstressing  of  the  con- 
crete produces  subsequent  surface  spalling  problems  and  potential  blow- 
ups at  a  later  time. 

In  jointed  concrete  pavements,  the  next  potential  type  of  distress 
to  occur  is  the  vertical  differential  elevation  that  results  in  either 
step  faulting  or  pumping,  or  a  combination  of  the  two.   Step  faulting  is 
generally  more  of  a  problem  in  areas  where  adequate  moisture  for  pumping 
is  not  available.   Such  faulting  is  a  result  of  repetitive  loading  which 
produces  a  kneading  action  of  the  subbase  materials  that  produces  an 
accumulation  of  material  under  the  upstream  slab.   The  upstream  slab  is 
actually  lifted  above  the  level  of  the  downstream  slab  producing  the 
step  faulting  phenomenom.   In  cases  where  free  moisture  is  available, 
deflections  at  the  pavement  edge,  joint,  or  crack  can  produce  hydro- 
static forces  that  will  eject  water  and  materials  at  these  disconti- 
nuities.  It  should  be  emphasized  that  free  water  must  be  available  at 
the  interface  between  the  bottom  of  the  pavement  surface  and  the  top  of 
the  subbase  for  pumping  to  occur.   Once  pumping  occurs  and  a  void  Is 
present  beneath  the  pavement  surface,  fatigue  cracking  can  occur  if 
excess  tensile  stresses  occur  in  the  PCC  slab. 

In  addition  to  the  types  of  distresses  mentioned  above,  D-cracking 
can  occur  in  portland  cement  concrete  pavement  structures  when  aggre- 
gates that  are  particularly  temperature  and  moisture  susceptible  are 
used  in  the  concrete  mix. 

This  type  of  distress  occurs  primarily  in  the  mid-western  part  of 


67 


Fatigue 
Cracking 


Faulting 

or 
Spalling 


Faul tin 


Spall ing 


PSI 


Time,  years 


Figure  23  Typical  distress  and  serviceability 
history  patterns,  rigid  pavements 


68 


Average  transverse  crack  spacing  in  feet  Q/) 

Percent  of  cracks  spalled  (JZ) 
Punchouts  in  square  feet  per  mile  Qj) 

PSI 


_  16  _  80%  _1600  _ 


12 


2  0% 


1-0   L  0   L_0 


-  60%  -1200 


40%  _800 


-400 


PSI 


Notes 


5.0 


-  4.0 


3.0 


2.0 


1.0 


Load,  x  10   (18  kip  ESAL) 


X 


_L 


10       15 
Time,  years 


20 


25 


(Low  Temp/Shrinkage  =  1st  few  years  of  curve 
Transverse  Cracking  <  _  ^ .       T   ,       .  .  ,  .  •-,   ^  ,.„„,,„ 

(Fatigue  =  Load-associated  tail  or  curve 

Solid  lines  represent  "high"  performance 

Dashed  lines  represent  "low"  performance 

9"  PCC  slab  with  welded  wire  mesh  reinforcement  (0.7%  steel) 

18"  open  graded  subbase;  good  drainage  ditches 

Sandy  loam  soil  (5')  over  limestone 

Central  Texas  climate  -  25"  rain  and  10  freeze/thaw  annually 

Routine  maintenance  performed  at  3/4  desired  level  due  to 

budget  restrictions 

18  kips  =  80  kN 

1  foot  =  0.305  m.       1  mile  =  1.6  km. 

1  inch  =  2.54  cm. 

Figure  24    Rigid  pavement  history,  CRCP 
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the  United  States.   In  these  areas  marginal  aggregates  are  the  only  ones 
available  for  use  in  the  portland  cement  concrete.   When  these  marginal 
aggregates  are  used  in  environments  that  experience  a  large  number  of 
freeze- thaw  cycles  the  integrity  of  the  concrete  mass  may  be  affected. 
There  are  a  number  of  studies  (Refs.  421,  432,  44  through  50,  513,  52\ 
535,  546,  557,  568,  579,  and  5810)  that  indicate  conflicting  factors 
that  affect  the  occurrence  of  the  D-cracking  in  concrete  pavements. 
However,  there  seems  to  be  agreement  that  the  problem  is  accentuated  by 
the  occurrence  of  deicing  salts  used  in  maintenance  operations.   These 
aggregates  are  generally  absorptive  and  the  water  accumulates  in  the 
larger  aggregates  of  the  concrete  mixture,  the  water  freezes,  and  the 
large  aggregates  are  shattered.   Following  the  fracturing  of  these 
aggregates,  the  integrity  of  the  concrete  slab  is  compromised,  addi- 
tional water  accumulates  in  the  cracks  and  voids  and  further  deterio- 
ration occurs.   The  distress  is  evidenced  at  the  surface  when  a  series 
of  crescent  shaped  cracks  occur  along  transverse  and  longitudinal  joints 
and  cracks.   The  manifestations  of  D-cracking  do  not  usually  appear 
until  5  years,  and  in  some  cases  10  years,  into  the  service  life  of  the 
structure. 

The  distresses  mentioned  above  can  occur  in  any  type  of  concrete 
pavement.   There  are  two  types  of  distress  that  occur  in  continuously 
reinforced  concrete  pavements  that  should  be  mentioned  separately  from 
those  occurring  in  the  other  two  types  of  concrete  pavements.   These  two 
types  of  distresses  are  deep  crack  spalling  and  punchouts.   Deep  crack 
spalling  occurs  as  a  result  of  the  low  temperature  and  shrinkage  cracks 
that  develop,  as  shown  in  Appendix  D.   When  cracks  that  have  a  spacing 


1 "Asphalt  Concrete  Overlays  of  Flexible  Pavements,  Vol.  1,  Development 
of  New  Design  Criteria",  ARE  Inc,  Report  No.  FHWA-RD-75-76,  June 
1975. 

2Barker,  E.S.,  "Calculation  of  Maximum  Pavement  Temperatures  from 
Weather  Reports",  Highway  Research  Board  Bulletin  168,  1957. 

3Smeaton,  K.W.,  "An  Interactive  Approach  to  Developing  Pavement 
Distress-Performance  Relationships",  A  Thesis  presented  to 
The  University  of  Waterloo,  Waterloo,  Ontario,  1978. 

^Havens,  J.H.,  "The  D-Cracking  Phenomenon:   A  Case  Study  for  Pavement 

Rehabilitation",  Kentucky  Department  of  Transportation,  Lexington, 
Kentucky,  April  1976. 

5Bukovatz,  J.E.,  C.F.  Crump ton,  and  H.E.  Worley,  "Kansas  Concrete 

Pavement  Performance  as  Related  to  D-Cracking",  Transportation 
Research  Record  525,  1974. 
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greater  than  8  feet  (2.5  m.)  are  subjected  to  repetitive  wheel  loads, 
deep  spalling  can  occur.   When  the  crack  spacing  is  less  than  8  feet, 
condition  surveys  in  Texas  by  McCullough  have  shown  that  deep  spalling 
does  not  occur.   With  crack  spacings  greater  than  8  feet  (2.5  m.),  large 
crack  openings  occur  and  excessive  vertical  deflections  are  sustained  by 
the  pavement  structure.   When  these  vertical  deflections  occur,  the  top 
half  of  two  adjacent  slabs  is  placed  in  compression  and  a  shear  fracture 
of  the  concrete  in  adjacent  slabs  occurs.   The  depth  of  the  spall  is 
normally  about  one-half  the  depth  of  the  concrete  slab  and  extends 
upward  at  a  45  degree  angle  to  the  surface. 

Crack  spacing  in  CRCP  is  critical  in  development  of  distress.   Not 
only  does  deep  spalling  result  from  crack  spacing,  but  if  the  crack 
spacing  is  less  than  4.4  feet  (1.3  m.),  punchouts  can  occur.   When 
repeated  wheel  loads  are  applied  to  these  pavement  slabs,  the  load 
transfer  deteriorates  and  the  pavement  slabs  begin  to  respond  to  load  as 
transverse  beams  rather  than  longitudinal  beams.   The  fatigue  mechanism 
described  in  Appendix  D  becomes  active  and  closely  spaced  longitudinal 
cracks  occur  within  the  transverse  beam  section.   These  small  blocks 
then  are  free  to  rotate  and  move  and  will  eventually  move  vertically 
downward  and  punchout. 

The  development  of  punchouts  and  deep  crack  spalls  in  continuously 
reinforced  concrete  pavements  occurs  at  variable  times  and  is  more  a 
function  of  the  geometry  of  the  slab  and  the  traffic  loading,  than  the 
age  of  the  pavement  structure  itself. 


^Missouri  State  Highway  Department,  "Investigation  of  D-Cracking  in 
PCC  Pavements",  Missouri  State  Highway  Department,  Jefferson 
City,  Missouri,  Phase  I,  May  1971,  Phase  II,  March  1972,  and 
Phase  III,  January  1977. 

7Verbeck,  C,  P.  Klieger,  S.  Start,  and  W.  Teske ,  "Interim  Report  on 
D-Cracking  of  Concrete  Pavements  in  Ohio",  Portland  Cement  Asso- 
ciation, Skokie,  Illinois,  March  1972. 

8Williams,  F.M. ,  A.  Trefny,  J.T.  Paxton,  and  H.D.  Davis,  "Development 
of  Laboratory  Methods  for  Determining  D-Cracking  Susceptibility 
of  Ohio  Gravel  and  Limestone  Coarse  Aggregates  in  Concrete  Pave- 
ments", Ohio  Department  of  Transportation,  Columbus,  Ohio, 
February  1974. 

^Missouri  State  Highway  Department,  "Investigation  of  Roadway  Design 
Variables  to  Reduce  D-Cracking",  Missouri  State  Highway  Depart- 
ment, Jefferson  City,  Missouri,  October  1975. 

10Best,  C.H.,  "D-Cracking  in  PCC  Pavements:   Cause  and  Prevention",  National 
Technical  Information  Service,  Springfield,  Virginia,  June  1974. 
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CHAPTER  5.   DATA  ANALYSIS  AND  MODELING 


The  primary  modeling  effort  for  this  project  involved  three  sep- 
arate, but  related  investigations: 

(1)  Verification  of  the  distress  and  performance  patterns  (Chapter 
4)  by  comparison  with  objective  data. 

(2)  Development  of  time-independent  distress/serviceability  rela- 
tionships. 

(3)  Development  of  time-dependent  distress/serviceability  rela- 
tionships. 

Models  were  developed  on  the  basis  of  both  subjective  and  objective 
data,  as  discussed  below. 


VERIFICATION  OF  DISTRESS  AND  PERFORMANCE  PATTERNS 

The  patterns  of  distress  and  serviceability  presented  in  Chapter  4 
were  developed  on  the  basis  of  subjective  data,  i.e.,  expert  opinion. 
An  attempt  was  made  to  verify  these  patterns  through  comparison  to 
objective  data.   Portions  of  the  data  records  described  in  Chapter  3 
were  used  for  this  purpose. 

Flexible  Pavement  Patterns 

A  sample  of  forty  flexible  pavement  performance  records  was 
selected  from  the  AASHO  Road  Test  data  for  the  purpose  of  verifying 
distress  and  serviceability  patterns.   These  sections  were  chosen  ran- 
domly, subject  to  two  requirements: 

(1)  The  pavement  remained  in  service  for  at  least  half  of  the  test 
period. 

(2)  The  pavement  reached  a  terminal  PSI  on  or  before  the  end  of 
the  test. 

The  first  requirement  was  necessary  to  insure  that  a  reasonable  time 
base  was  involved,  while  the  second  was  necessary  to  allow  an  investi- 
gation of  the  shape  of  the  serviceability  history  curve  for  lower  values 
of  PSI. 

The  AASHO  Road  Test  data  records  show  PSI  plotted  as  a  function  of 
time.   Hence,  the  most  direct  comparison  was  possible  with  Figure  20  or 
similar  figures.   The  general  shape  of  the  PSI  curves  in  such  figures 
was  indeed  found  in  several  of  the  AASHO  Test  Sections.   However,  a 
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large  number  of  sections  exhibited  so  much  variation  in  serviceability 
that  no  clearly  discernable  pattern  could  be  established. 

In  the  hope  of  achieving  better  verification,  several  of  these  sec- 
tions were  replotted  as  a  function  of  the  logarithm  of  the  accumulated 
load.   The  resulting  patterns  were  compared  with  those  of  Figure  19. 
Again,  some  of  the  pavement  sections  fit  the  predicted  patterns,  but  the 
variation  was  so  large  as  to  prohibit  verification  of  any  specific 
pattern. 

These  results  are  not  directly  attributable  to  any  specific  fac- 
tors.  However,  it  is  likely  that  the  accelerated  nature  of  the  testing 
at  the  AASHO  Road  Test  could  have  a  significant  influence  on  the  ser- 
viceability patterns  of  the  test  sections. 

Twenty-four  test  sections  from  the  Minnesota  data  base  were  also 
used  to  investigate  serviceability  and  distress  patterns.   Plots  of 
serviceability  as  a  function  of  load  and  time  were  generated,  and  com- 
parisons were  made  to  Figures  19  and  20.   In  this  case,  the  patterns 
in  Figure  19  were  more  satisfactorily  verified,  with  the  two  upper 
curves  in  Figure  19  accounting  for  over  60%  of  the  pavement  sections. 
However,  variation  again  made  the  task  of  recognizing  patterns  somewhat 
difficult. 

The  principal  pattern  observed  in  the  plots  of  serviceability  as  a 
function  of  time  was  a  linear  decrease  in  serviceability  with  time,  as 
illustrated  in  Figure  25.   This  is  very  similar  to  the  central  section 
of  the  serviceability  curves  illustrated  in  Figure  20  and  hence,  may 
be  taken  as  partial  verification  of  the  figure  patterns.   However, 
variation  again  played  a  significant  role.   In  addition,  several  sec- 
tions exhibited  an  increasing  serviceability  trend  as  a  function  of 
time. 

As  mentioned  in  Chapter  4,  Minnesota  records  have  two  service- 
ability variables:   "PSI"  and  "PSR" .   The  former  is  calculated  from  an 
AASHO-type  equation  involving  both  roughness  and  distress,  while  the 
latter  is  calculated  directly  from  roughness  measurements.   Both  of 
these  serviceability  measures  were  used  in  the  pattern  analysis  described 
above,  and  the  results  were  quite  similar  in  each  case. 

Fatigue  cracking  patterns  could  not  be  identified  in  either  the 
AASHO  or  Minnesota  data  base.   The  primary  reason  is  that  both  Minnesota 
and  the  AASHO  Road  Test  report  only  the  summary  statistic  cracking  plus 
patching.   Plots  of  cracking  plus  patching  versus  time  were  made  for 
both  the  AASHO  and  Minnesota  data.   Several  of  the  pavement  sections  in 
each  case  followed  the  general  exponential  rise  of  cracking  shown  in 
Figure  20.   However,  no  specific  pattern  could  be  identified  as  domi- 
nant, since  considerable  variability  was  observed. 

Rutting  patterns,  on  the  other  hand,  were  more  pronounced.   The 
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Figure  25   Primary  pattern  of  serviceability  history,  Minnesota 
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principal  trend  observed  in  both  the  AASHO  and  Minnesota  data  bases  was 
that  of  Figure  20.   Thus,  the  rapid  onset  of  rutting  followed  by  a  slow 
increase  over  the  years,  as  illustrated  in  Figure  20,  can  be  considered 
as  more  firmly  established  than  any  other  distress  or  serviceability 
pattern  for  flexible  pavements.   However,  several  of  the  Minnesota 
sections  exhibited  linear  trends  in  rut  depth,  and  a  few  "scattergun" 
patterns  were  observed. 

Rigid  Pavement  Patterns 

AASHO  Road  Test  data  were  also  employed  in  an  attempt  to  verify  the 
rigid  pavement  distress  and  serviceability  patterns  illustrated  in 
Figure  23.   As  before,  only  those  sections  which  survived  for  more  than 
half  of  the  test  period  and  which  reached  a  terminal  serviceability 
before  the  end  of  the  test  were  considered.   Thirty-five  test  sections 
meeting  these  criteria  were  selected  for  this  purpose. 

The  serviceability  history  patterns  observed  in  these  sections  as  a 
function  of  time  were  the  most  consistent,  repeated  patterns  of  any  dis- 
tress or  serviceability  variable  for  either  flexible  or  rigid  pavements. 
Approximately  90%  of  these  pavements  exhibited  one  of  the  upper  two 
curves  in  Figure  23,  and  two-thirds  of  the  sections  showed  the  charac- 
teristic drop-off  of  the  upper-most  curve  in  Figure  23.   There  was  no 
apparent  difference  in  the  shape  of  the  serviceability  history  curve  for 
reinforced  and  unreinforced  pavements.   Thus,  the  serviceability  patterns 
of  Figure  23  are  considered  verified. 

Faulting  and  spalling  are  not  included  in  the  AASHO  Road  Test  data 
base.   A  pumping  score  is  included,  which  is  somewhat  related  to  faulting, 
and  many  of  the  class  3  and  4  cracks  were  undoubtedly  spalled.   However, 
it  is  not  possible  to  extract  specific  faulting  and  spalling  information 
from  the  AASHO  data.   Similarly,  none  of  the  other  data  sources  described 
in  Chapter  3  are  suitable  for  verification  of  faulting  of  spalling 
patterns.   Those  data  bases  which  include  faulting  or  spalling  information 
fall  into  two  general  categories : 

(1)  An  insufficient  number  of  data  points  are  included  to  estab- 
lish a  pattern. 

(2)  The  distress  is  measured  in  terms  of  severity  and  extent 
classifications,  rather  than  actual  numerical  values. 

Thus,  it  was  not  possible  to  verify  the  patterns  of  Figure  23  for  fault- 
ing of  spalling.  However,  it  should  be  mentioned  that  faulting  patterns 
similar  to  those  shown  in  Figure  23  have  been  observed  by  other  investi- 
gators (Ref.  61) 1 .   Also,  the  Georgia  faulting  data  described  in  Chapter 


MacLeod,  D.R.,  "Considerations  for  Maintenance  Strategies  for  Port- 
land Cement  Concrete  Pavements",  Thesis,  University  of  California, 
Berkeley,  1979. 
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3  are  reasonably  consistent  with  these  faulting  patterns. 

Similarly,  fatigue  cracking  was  not  reported  in  the  AASHO  data 
base.   However,  class  3  and  4  cracks  may  be  considered  as  including  the 
category  fatigue  cracking.   The  general  pattern  of  major  cracking  (Class 
3  and  4)  for  the  35  selected  AASHO  Test  sections  reflects  the  exponen- 
tial growth  of  fatigue  cracking  shown  in  Figure  23.   Once  again,  though, 
considerable  variation  is  observed  in  the  patterns  for  individual  pave- 
ment sections. 


TIME  INDEPENDENT  DISTRESS /SERVICEABILITY  RELATIONSHIPS 

Model  equations  for  serviceability  as  a  function  of  distress, 
without  regard  to  time  dependence,  were  developed  for  the  flexible  and 
rigid  pavement.   Those  data  sources  were  used  which  were  considered  to 
offer  the  best  potential  for  useful  model  building  in  each  case. 

Flexible  Pavement  Models 

Several  analyses  were  conducted  to  determine  possible  relationships 
between  serviceability  and  the  high  priority  distress  variables  selected 
in  Chapter  2. 

Rutting.   Graphs  of  "PSR"  and  "PSI"  as  a  function  of  rut  depth  were 
prepared  for  the  combined  50  test  sections  of  the  Minnesota  data  base. 
These  plots  are  presented  here  as  Figure  26  and  27,  respectively. 

The  original  objective  in  generating  these  plots  was  to  develop  an 
equation  for  PSI  or  PSR  as  a  function  of  rut  depth  which  would  be  valid 
for  all  of  the  pavements  in  the  Minnesota  data  base.   However,  as  can  be 
seen  in  Figures  26  and  27,  a  considerable  amount  of  variation  was  encoun- 
tered.  That  is  to  say,  any  model  fit  to  these  data  by  regression  would 
of  necessity  exhibit  a  poor  fit  (low  value  of  R  ).   However,  after 
examination  of  these  plots,  it  was  clear  that  another  approach  could  be 
taken.   It  is  easily  observed  in  these  figures  that  for  any  given  rut 
depth,  there  is  a  maximum  value  of  PSR  or  PSI.   In  Figure  26,  for  exam- 
ple, the  maximum  value  of  PSR  falls  on  or  about  the  line  PSR  =4.5  for 
rut  depths  less  than  approximately  0.2  inches  (0.5  cm.).   For  rut  depths 
larger  than  0.2  inches  (0.5  cm.),  the  maximum  PSR  values  fall  on  or  near 
the  line: 

PSR  =  4.50  -  3.75  (RD  -  0.20) (3) 

Based  on  these  observations,  two  hypothesis  were  put  forward: 

(1)  Rut  depths  less  than  0.2  inches  (0.5  cm.)  have  no  affect  on 
PSR,  and 

(2)  For  rut  depths  greater  than  0.2  inches  (0.5  cm.),  the  minimum 
effect  of  rutting  on  PSR  is  given  by  equation  (3) . 

Additional  losses  in  serviceability  due  to  other  distresses,  environ- 
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mental  effects,  etc.  are  then  assumed  to  produce  the  distribution  of  PSR 
values  shown  in  Figure  26. 

Attempts  were  made  to  verify  these  hypotheses  by  identifying  those 
pavement  sections  exhibiting  very  small  amounts  of  cracking  plus  patching, 
the  only  other  distress  variable  included  in  the  Minnesota  data.   Those 
pavements  exhibiting  cracking  plus  patching  scores  less  than  5  sq.  ft. 
(0.5  sq.  m.)  per  1,000  sq.  ft.  (93  sq.  m.)  were  found  scattered  throughout 
the  distribution  of  data  points  in  Figure  26,  however.   Thus,  it  was  not 
possible  to  confirm  these  hypotheses.   On  the  other  hand,  it  was  not 
possible  to  rule  out  these  hypotheses,  since  other  major  variables  of 
interest  were  not  included  in  the  data  base. 

A  similar  analysis  based  on  Figure  27  leads  to  the  equation: 

PSI  =  4.50  -  6.84  (RD  -  0.22) (4) 

Again,  the  same  results  were  found.   In  fact,  "PSR"  and  "PSI"  are  highly 
correlated,  as  shown  in  Figure  28,  although  considerable  individual 
variations  in  "PSR"  and  "PSI"  values  for  specific  pavement  sections  are 
observed. 

Plots  of  PSR  and  PSI  versus  rut  depth  were  subsequently  generated 
for  pavement  sections  with  various  ranges  of  cracking  plus  patching.   In 
all  cases,  considerable  variations  occurred,  such  that  it  was  not  pos- 
sible to  confidently  establish  a  trend.   A  typical  case,  using  only 
those  pavements  with  cracking  plus  patching  greater  than  50  sq.  ft.  (4.6 
sq.  m.)  per  1,000  sq.  ft.  (93  sq.  m.),  is  shown  in  Figure  29.   In  general, 
the  variation  was  not  as  pronounced  for  pavements  exhibiting  higher 
values  of  cracking;  however,  very  few  pavement  sections  exhibited  cracking 
plus  patching  exceeding  100  sq .  ft.  (9.3  sq.  m.)  per  1,000  sq.  ft.  (93  sq.  m.) 
of  pavement,  so  that  further  investigation  was  inhibited. 

An  investigation  of  the  rut  depth  data  from  Utah  indicated  that 
only  three  pavement  sections  experienced  rut  depths  greater  than  one 
quarter  inch.  Even  these  sections  showed  no  correlation  between  rut 
depth  and  serviceability. 

Several  of  the  Brampton  Test  Road  sections  exhibited  significant 
rutting,  but  again,  no  correlation  with  serviceability  (Riding  Comfort, 
on  a  0-10  scale)  was  found,  other  than  a  slight  trend  toward  decreasing 
serviceability  with  increasing  rut  depth.   Figure  30  shows  the  Brampton 
rut  depth  -  serviceability  data.   Note  that  this  figure  is  reasonably 
consistent  with  the  "pattern"  in  Figures  26  and  27. 

Fatigue  Cracking.   Of  the  data  sources  discussed  in  Chapter  3,  only 
the  Washington  and  TTI  data  bases  contain  a  separate  record  of  fatigue 
cracking  (referred  to  as  "alligator  cracking") .   As  will  be  discussed  in 
Chapter  6,  the  analysis  of  data  from  these  sources  is  complicated  by  the 
fact  that  the  record  is  in  terms  of  severity  and  extent  categories, 
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Figure  28   "PSR"  versus  "PSI",  Minnesota 
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Figure  29    "PSR"  versus  rut  depth  for  those  sections  with 
C  +  P  >  50,  Minnesota 
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Figure  30   Riding  comfort  versus  rut  depth,  Brampton 


1  inch  =  2.54  cm. 


rather  than  actual  numerical  values.   However,  plots  of  serviceability 
and  distress  variables  were  made  for  twenty-five  test  sections  randomly 
selected  from  the  TTI  data  base.   Visual  examination  of  these  graphs 
failed  to  produce  any  relationship  between  the  occurrence  of  fatigue 
cracking  and  serviceability.   In  addition,  histograms  of  alligator 
cracking  and  "bump  count"  were  produced  by  computer  from  the  Washington 
data  base.   For  each  combination  of  severity  and  extent,  the  number  of 
pavements  within  a  given  range  of  "bump  count"  were  plotted,  as  shown  in 
Figure  31.   A  simple  statistical  analysis,  including  mean  and  standard 
deviations,  was  also  conducted.   In  general,  the  mean  bump  count  increased 
with  increasing  severity  and  extent  of  alligator  cracking,  but  no  specific 
relationships  were  found. 

The  Ordway,  Colorado  research  study  also  included  "alligator  crack- 
ing", measured  in  sq.  ft.  per  1,000  sq .  ft.  (93  sq.  m. ) .   However,  only 
four  pavement  sections  exhibited  significant  fatigue  (greater  than  40 
sq.  ft.  (3.7  sq.  m.)  per  1,000  sq .  ft.  (93  sq.  m.)),  hence,  no  meaningful 
analysis  was  possible. 

The  Minnesota  variable  C  +  P  (cracking  +  patching)  includes  only 
block  or  alligator  cracking,  but  is  of  course  confounded  with  patching. 
Nevertheless,  this  variable  was  found  to  be  reasonably  well  correlated 
with  serviceability,  as  discussed  in  a  subsequent  section. 

Low-Temperature  Cracking.   None  of  the  data  sources  for  this  project 
include  low- temperature  cracking  records.   The  Washington,  TTI  and 
Brampton  data  bases  do  record  "transverse  cracks",  which  may  reasonably 
be  assumed  to  be  largely  low- temperature  cracks.   However,  in  each  case, 
data  are  recorded  in  terms  of  severity  and  extent  levels,  rather  than 
actual  numerical  values. 

As  in  the  case  of  fatigue  cracking,  sample  plots  of  the  TTI  data 
and  histograms  of  the  entire  Washington  data  base  were  examined.   No 
viable  relationship  between  the  occurrence  of  transverse  cracks  and 
serviceability  was  found. 

General  Distress/ Serviceability  Relationships.   Multiple  regression 
analyses  were  performed  on  the  combined  data  records  from  the  fifty  test 
sections  in  the  Minnesota  data  base.   Attempts  were  made  to  generate 
equations  for  both  "PSR"  and  "PSI"  as  a  function  of  various  combinations 
of  rut  depth  and  cracking  plus  patching.   The  variables  listed  in  Table 
20  were  used  in  the  stepwise  multiple  regression  program  STEP01  to 
produce  twenty-seven  equations  for  PSI  and  PSR.   The  results  may  be 
summarized  as  follows: 

(1)   The  variable  which  was  most  highly  correlated  with  both  PSI 

and  PSR,  and  which  was  in  each  case  the  first  variable  selected 
by  STEP01  to  enter  the  regression,  was  /C+P,  where  C+P  = 
cracking  plus  patching  in  sq .  ft.  per  1,000  sq .  ft.  (93  sq.  m.). 
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TABLE  20   TRANSFORMED  VARIABLES  FOR  MULTIPLE  REGRESSION,  MINNESOTA 


(1) 

PSI  or  PSR 

(2) 

RD  (rut  depth) 

(3) 

C  +  P  (cracking  +  patching) 

(4) 

RD2 

(5) 

(c  +  p)2 

(6) 

RD3 

(7) 

(C  +  P)3 

(8) 

RD  •  (C  +  P) 

(9) 

RD  •  (C  +  P)2 

(10) 

RD2  •  (C  +  P) 

(11) 

(RD  -  0.20) 

(12) 

(C  +  P  -  20.0) 

(13) 

v/RD 

(14) 

\/C  +   P 

(15) 

RD 
e 

(16) 

(C  +  P) 
e 
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(2)  The  addition  of  other  distress  variables  did  not  significantly 
improve  the  fit  obtained  with  /C+P  alone.   The  order  of  variables 
entered  and  the  corresponding  values  of  R2  are  listed  in 

Tables  21  and  22.   As  can  be  seen  in  these  tables,  the  use  of 
up  to  twelve  variables  in  the  regression  improved  R2  by  less 
than  0.04  over  the  value  obtained  with  /C+P  alone. 

(3)  The  relatively  low  values  of  R2  (-0.4)  are  unfortunate,  but 
not  unexpected.   The  variability  observed  in  Figures  26  and  27 

is  indicative  of  a  large  "pure"  error,  and  the  plots  of  residuals 
for  each  of  the  regression  variables  are  fairly  randomly 
scattered.   An  exception  is  found  in  the  residuals  plots  for 
PSI  and  PSR,  which  show  a  strong  linear  trend.   The  explanation 
for  this  may  lie  in  the  fact  that  both  PSI  and  PSR  are  defined 
by  equations  which  include  roughness,  but  roughness  was  not 
included  in  the  regression.   Had  roughness  been  included,  a 
"perfect"  fit  could  have  been  obtained  by  reproducing  the 
equations  which  were  used  to  calculate  the  recorded  PSI  and 
PSR  values. 

Based  on  these  results,  the  most  valid  equations  found  for  the  full 
set  of  Minnesota  data  are: 

PSI  =  3.65  -  0.0786  /c+P (5) 

with  R2  =0.379,  and 

PSR  =  3.83   -  0.0785  /C+P  -   0.491   /rT7 (6) 

with  R2      =  0.372. 

Only  one  independent  variable  is  included  in  the  PSI  equation,  because 
the  second  variable  entered  in  the  PSI  regression  was  another  function 
of  (C+P),  and  only  a  very  small  improvement  in  R2  was  involved. 

Further  analysis  was  carried  out  in  an  attempt  to  identify  subsets 
of  the  data  for  which  more  meaningful  models  could  be  constructed. 
Sections  with  large  traffic  volumes  showed  no  more  reliable  distress/ 
serviceability  patterns  than  did  pavement  sections  with  low  traffic 
volumes.   An  exception  to  this  general  rule  was  found  in  one  section, 
believed  to  be  a  grain  route,  which  carried  a  much  larger  traffic  volume 
than  any  other  section  in  the  study.   However,  it  was  not  felt  that  a 
single  section  could  provide  a  basis  for  generalization. 

Finally,  the  effect  of  pavement  structure  on  distress/serviceability 
relationships  was  investigated.   The  fifty  test  sections  were  divided 
into  three  categories  based  on  the  Gravel  Equivalent  (G.E.)  numbers 
recorded  in  the  data  base.   Category  1  involved  G.E.  less  than  18, 
Category  2  involved  G.E.  greater  than  18,  but  less  than  25,  while  Cate- 
gory 3  involved  G.E.  exceeding  25.   Multiple  regression  analysis  was  run 
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TABLE  21   RESULTS  OF  STEPWISE  REGRESSION,  MINNESOTA,  PSI  EQUATION 


VARIABLE 
ENTERED 


VARIABLE 
REMOVED 


#  VARIABLES 

R 

IN  EQUATION 

1 

0.379 

2 

0.389 

3 

0.399 

4 

0.400 

5 

0.400 

6 

0.401 

7 

0.405 

8 

0.406 

9 

0.406 

10 

0.408 

11 

0.408 

10 

0.408 

11 

0.408 

12 

0.408 

\/C  +   P 
(C  +  P) 
/RD 


RD  •  (C  +  P) 

RD3 

(C  +  P) 

e 

(C  +  P  -  20.0) 

RD  *  (C  +  P) 

RD2 

RD2  •  (C  +  P) 
RD 


(RD  -  0.20) 
RD 


RD 
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TABLE  22     RESULTS  OF  STEPWISE  REGRESSION,  MINNESOTA,  PSR  EQUATION 


VARIABLE 
ENTERED 


VARIABLE 

#  VARIABLES 

R 

REMOVED 

IN  EQUATION 

- 

1 

0.357 

- 

2 

0.372 

- 

3 

0.380 

- 

4 

0.382 

- 

5 

0.382 

- 

6 

0.385 

- 

7 

0.387 

- 

8 

0.393 

- 

9 

0.395 

- 

10 

0.396 

- 

11 

0.396 

- 

12 

0.397 

- 

13 

0.397 

/5b 

RD  •  (C  +  P)2 

(RD  -  0.20) 

(C  +  P) 

(C  +  P  -  20.0) 

(C  +  P)2 

RD  •  (C  +  P) 

RD2  •  (C  +  P) 

(C  +  P)3 

2 
RD 

RD3 

RD 
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for  each  category  separately,  using  the  same  variables  listed  in 
Table  20  in  the  program  STEP01 .   The  results  of  these  regressions  are 
summarized  in  Tables  23  and  24.   The  results  may  be  summarized  as  follows 

(1)  Again,  the  variable  which  was  most  highly  correlated  with  PSI 
was  /C+P.  This  variable  was  also  highly  correlated  with  PSR, 
but  another  variable,  vRD,  was  found  to  be  more  highly  corre- 
lated to  PSR  in  Gravel  Equivalent  classes  1  and  3 . 

(2)  The  addition  of  other  distress  variables  did  significantly  im- 
prove the  fit.   The  improvement  was  most  noticeable  in  Gravel 
Equivalent  Class  3,  and  for  the  PSR  equation  in  all  classes. 

(3)  Again,  a  linear  trend  was  observed  in  the  plot  of  residuals 
for  PSI  and  PSR.   As  before,  this  may  be  attributed  to  the 
omission  of  roughness  data  from  the  regression. 

(4)  The  higher  the  Gravel  Equivalent  class,  the  higher  the  value 
of  R  obtained  in  all  cases.   This  is  particularly  noticeable 
for  the  PSR  equation,  where  extremely  poor  fits  were  obtained 
for  Classes  1  and  2  while  reasonably  good  fit  was  obtained  for 
Class  3. 

Since  the  equation  defining  PSI  involves  distress  and  roughness, 
while  the  PSR  definition  involves  only  roughness,  it  is  not  surprising 
that  in  general  better  fits  were  obtained  for  the  PSI  equation.   How- 
ever, for  Gravel  Equivalent  Class  3,  which  includes  pavements  with 
Gravel  Equivalents  exceeding  25,  the  multiple  regression  analysis  showed 
that  the  distress  variables  were  more  strongly  correlated  to  PSR  than  to 
PSI.   This  indicates  that  for  thicker,  stronger  pavements,  cracking, 
patching  and  rutting  show  good  correlation  with  roughness;  while  for 
weaker  pavements  there  is  virtually  no  correlation.   It  is  possible  that 
for  weaker  pavements  some  of  the  more  "minor"  distress  types,  such  as 
ravelling,  corrugation,  and  shoving,  form  a  major  component  of  pavement 
roughness,  whereas  for  stronger  pavements,  these  distresses  are  not 
significant.   Since  no  other  distress  variables  were  recorded  in  the 
Minnesota  data,  it  was  not  possible  to  test  this  hypothesis. 

The  improved  equations,  corresponding  to  equations  (5)  and  (6), 
but  generated  for  pavements  with  G.E.  exceeding  25,  are: 

PSR  =  4.21  -  0.162  /C+P  +  0.00847  (C+P) (7) 

with  R2  =0.529,  and 

PSI  =  4.04   -  0.0827    /c+P  -   1.46   /RD ■ (8) 

with  R2  =  0.461. 
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TABLE  23    RESULTS  OF  STEPWISE  REGRESSION  BY  GRAVEL  EQUIVALENT  CLASS, 
MINNESOTA,  PSI  EQUATION 


CLASS  1      G.E.  <  18 
CLASS  2      18  <_  G.E.    25 
CLASS  3      G.E.  ^25 

G.E.  CLASS  NO.  VARIABLES  R2 

IN  EQUATION 


1  .386 

2  .398 
4  .407 

6  .422 
8  .432 

11 .436 

1  .413 

2  .432 

3  .459 

4  .463 

5  .474 

7  .485 
_13 .489 

1  .353 

2  .461 

3  .474 

4  .496 

5  .523 

7  .567 

8  .573 
11  .581 
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TABLE  24   RESULTS  OF  STEPWISE  REGRESSION  BY  GRAVEL  EQUIVALENT  CLASS, 
MINNESOTA,  PSR  EQUATION 


CLASS  1      G.E.  <  18 
CLASS  2      18  .<  G.E.  <  25 
CLASS  3      G.E.  >  25 


G.E. CLASS  NO.  VARIABLES  R 


IN   EQUATION 


1  0.076 

2  0.088 

3  0.106 
5  0.125 
9  0.145 

_12 0.146 

1  0.141 

2  0.186 

3  0.220 

4  0.236 
8  0.240 

JLL 0.242 

1  0.382 

2  0.452 

3  0.529 

4  0.558 

5  0.574 

6  0.585 
8  0.606 

10  0.608 
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Rigid  Pavement  Models 

Relationships  were  sought  between  serviceability  and  the  higher- 
priority  distress  variables  selected  in  Chapter  2.   However,  consider- 
able difficulty  was  encountered  in  finding  data  records  for  these  distress 
types. 

Cracking.   None  of  the  data  bases  described  in  Chapter  3  includes 
fatigue,  low- temperature  or  shrinkage  cracking  as  separate  categories. 
The  AASHO  Road  Test  data  reports  four  classes  of  cracking,  based  on  the 
size  of  the  crack.   Classes  3  and  4  (major  cracking)  may  be  considered 
to  be  associated  with  fatigue  or  low-temperature  cracking.   The  Illinois 
data  from  the  Rehabilitated  AASHO  Test  Road  include  both  transverse  and 
longitudinal  cracking  classified  into  the  same  four  classes.   Washington 
reports  a  single  cracking  variable  by  severity  and  extent. 

About  one- third  of  the  85  test  sections  of  the  Rehabilitated  AASHO 
data  base  exhibited  appreciable  major  transverse  cracking  (classes  3  and 
4).   No  major  longitudinal  cracking  was  found.   A  half-dozen  sections 
were  found  to  show  an  increasing  amount  of  major  transverse  cracking 
with  time;  however,  four  times  that  number  showed  decreasing  trends  in 
major  cracking.   This  effect  may  have  been  maintenance  related,  but  this 
could  not  be  confirmed.   Similar  trends  in  serviceability  were  not 
found;  however,  some  sections  exhibited  constant  or  fluctuating  PSI, 
while  others  showed  simultaneous  decreases  in  major  transverse  cracking 
and  serviceability.   Some  examples  are  provided  in  Figures  32  through  39. 

Less  than  three  percent  (3%)  of  the  Washington  rigid  pavement  data 
involved  cracking  in  moderate  or  severe  categories  (distress  levels  12, 
13,  22,  23,  31,  32  or  33).   The  individual  bump  counts  for  pavements 
with  moderate  or  severe  levels  of  cracking  are  listed  in  Table  25.   No 
correlation  between  cracking  and  roughness  is  evident. 

Reference  60  also  reported  transverse  cracking  data  for  rigid  pave- 
ments.  For  JCP  and  JRCP ,  transverse  cracking  was  recorded  in  four 
classes,  as  described  above,  in  units  of  feet  per  1,000  sq.  ft.  (93  sq.  m.) 
of  pavement.   Unfortunately,  none  of  the  JCP  or  JRCP  sections  investigated 
in  Reference  60  had  class  3  or  4  transverse  cracking  exceeding  20  ft.  (6  m.) 
per  1,000  sq.  ft.  (93  sq.  m.).   In  addition,  only  2  JCP  sections  and  5  JRCP 
sections  had  class  3  or  4  transverse  cracking  exceeding  10  ft.  (3  m.)  per 
1,000  sq.  ft.  (93  sq.  m.).   However,  22  sections  of  CRCP  were  found  with 
at  least  100  transverse  cracks  per  1,000  feet  (305  m.)  of  pavement. 
Figure  35  shows  serviceability  as  a  function  of  number  of  transverse 
cracks  for  these  CRCP  pavement  sections.   Note  that  the  range  of  PSR 
exhibited  in  this  figure  is  somewhat  limited,  since  none  of  the  pavement 
sections  were  rated  below  PSR  of  3.9.   Only  one  CRCP  section  showed  any 
longitudinal  cracking,  and  only  one  JCP  section  was  found  with  major 
(class  3  and  4)  longitudinal  cracking  exceeding  5  ft.  (1.5  m.)/1000  sq.  ft. 
(93  sq.  m.). 
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Figure  32  Serviceability  and  transverse  cracking 
history,  rehabilitated  AASHO  Test  Road 
section  076 
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Figure  33  Serviceability  and  transverse  cracking 
history,  rehabilitated  AASHO  Test  Road 
section  404 
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Figure  34  Serviceability  and  transverse  cracking 
history,  rehabilitated  AASHO  Test  Road 
section  V58 
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TABLE  25      BUMP  COUNT  VALUES  FOR  MODERATE  AND  SEVERE 
CRACKING,  WASHINGTON  RIGID  PAVEMENTS 


Di 

.stress 

Level 

Bump 

Severi 

-ty 

Extent 

Counts 

1 

2 

716 

1 

3 

553, 
478, 

553,  553 
478 

2 

2 

416 

2 

3 

- 

3 

1 

817, 

791,  415 

675,  223,  223,  352, 
340  145 


3  2  866,  55,  301 

3  3 
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Figure  35     PSR  as  a  function  of  transverse  cracking, 
CRC  pavement 


97 


Data  from  the  original  AASHO  Road  Test  offered  the  best  potential 
for  modeling  cracking/serviceability  relationships.   Based  upon  exami- 
nation of  data  from  Loops  3,  4,  5  and  6,  the  amount  of  major  cracking 
was  selected  as  the  reported  cracking  variable  most  suited  for  such 
modeling.   The  relationship  between  major  cracking  (class  3  and  4  cracking, 
measured  in  ft.  per  1000  sq.  ft.  (93  sq.  m.))  and  serviceability  is 
illustrated  in  Figure  36  for  pavement  sections  from  Loop  6.   Only  those 
sections  which  exhibited  a  change  in  major  cracking  with  no  change  in 
patching  were  included  in  this  Figure. 

The  relationship  between  major  cracking  and  serviceability  for 
these  pavements  may  be  described  by  the  equation: 

PSI  =  PSI  -  0.05  (MCI-25),  for  MCI  >  25 (9) 

where: 

PSI  =  present  serviceability  index 

PSI  =  initial  serviceability  index  (before  the  occurrence 

of  major  cracking  exceeding  25  ft.  (8  m.)  per  1,000  sq. 

ft.  (93  sq.  m.)) 
MCI   =  major  cracking  index  =  amount  of  class  3  and  class  4 

cracking,  ft.  per  1,000  sq.  ft.  (93  sq.  m.) 

The  threshold  value  of  25  ft.  (8  m. )  per  1,000  sq.  ft.  (93  sq.  m.) 
was  chosen  to  account  for  the  observation  that  no  significant  effect  on 
serviceability  was  observed  for  less  extensive  major  cracking. 

A  reasonable  agreement  between  the  PSI  calculated  from  equation 
(9)  and  the  observed  PSI  for  the  AASHO  Road  Test  sections  was  found. 
Table  26  lists  the  observed  PSI  values  alongside  those  predicted  by 
equation  (9)  for  several  pavement  sections  which  exhibited  appreciable 
major  cracking  with  little  or  no  patching. 

Both  Reference  60 l   and  the  rehabilitated  AASHO  Test  Road  data 
report  D-cracking  for  JCP  and  JRCP.   Only  one  JCP  section  and  one  JRCP 
section  from  Reference  60  included  D-cracking  exceeding  8  per  1,000  ft. 
(305  m.)  of  pavement,  but  many  of  the  rehabilitated  AASHO  sections  had 
D-cracking  of  this  extent.   Figure  37  shows  serviceability  plotted 
against  D-cracking  for  thirty-five  pavement  sections  from  the  rehabilitated 
AASHO  Test  Road. 

Faulting.   Of  the  data  sources  described  in  Chapter  3,  Georgia, 
Washington,  and  Illinois  (Rehabilitated  AASHO  Test  Road)  include  faulting 
data.   Georgia,  however,  did  not  report  serviceability  or  roughness,  so 


^ussbaum,  P.J.  and  E.C.  Lokken,  "Portland  Cement  Concrete  Pavements, 
Performance  Related  to:   Design  -  Construction  -  Maintenance", 
Report  No.  FHWA-TS-78-202 ,  August  1977. 
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TABLE  26   SERVICEABILITY  RELATED  TO  MAJOR  CRACKING  » 
AASHO  ROAD  TEST  RIGID  PAVEMENTS 


Section  Observed  Predicted  by  equation  (9). 

400  3.0  3.0 

2.5 
2.2 

;;;.'!  3.7 

3.0 
3.0 
3.0 
2.9 
1.2 

■'•  n  3.4 

3.1 
3.1 
3.0 
2.7 
2.4 
1.7 
1.5 

3.2 
3.1 
3.1 
1.8 

1.4 


Observed 

3. 

0 

2. 

7 

2. 

2 

3. 

5 

2. 

8 

3. 

0 

2, 

.7 

2, 

,4 

1, 

.5 

3. 

0 

3, 

.4 

3, 

.2 

2. 

.6 

2, 

.7 

2 

.5 

2 

.0 

1 

.5 

2 

.8 

3 

.0 

2 

.5 

2 

.0 

1 

.5 

100 


5r 


en 
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•  o 
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Figure  37     Serviceability  related  to  "D"  cracking, 
rehabilitated  AASHO  Test  Road 
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that  this  source  could  not  be  used  in  determining  serviceability/ faulting 
relationships . 

None  of  the  JCP  sections  at  the  Rehabilitated  AASHO  Test  exhibited 
significant  faulting,  but  approximately  one-third  of  the  JRCP  sections 
exhibited  average  joint  faulting  greater  than  0.15  inches  (0.38  cm.). 
Serviceability  is  plotted  as  a  function  of  faulting  for  these  pavements 
in  Figure  38.   No  trend  toward  decreasing  serviceability  with  increasing 
faulting  is  evident  from  these  data. 

Less  than  three  percent  (3%)  of  the  Washington  JCP  data  involved 
faulting  of  moderate  or  severe  extent.   A  large  number  of  sections  did 
exhibit  moderate  (1/4"  to  1/2")  (0.6  to  1.2  cm.)  or  severe  (>l/2")  (>1.2  cm.) 
faulting  over  a  small  area  (less  than  16%  of  panels) .   Table  27  shows 
the  bump  counts  for  these  sections.   No  relationship  between  faulting 
and  bump  count  was  found . 

Reference  60  reports  joint  and  crack  faulting  for  JCP  and  JRCP. 
However,  no  significant  crack  faulting  was  reported  in  either  case,  and 
only  seven  pavement  sections  of  JRCP  showed  any  joint  faulting  whatsoever. 
Twenty-five  of  the  JCP  sections  were  moderately  or  severely  faulted, 
though  (faulting  greater  than  0.13  inches  (0.33  cm)).   Faulting  for 
these  sections  is  reported  in  three  categories:   less  than  1/8"  (0.32  cm), 
1/8"  to  1/4"  (0.32  to  0.64  cm.)  (moderate),  and  greater  than  1/4"  (0.64  cm.) 
(severe),  with  number  of  joints  faulted  per  1,000  ft.  (305  m.)  of  pavement 
recorded  in  each  case.   Figure  39  illustrates  PSR  versus  moderate  and 
severe  faulting  for  these  JCP  sections. 

Spall ing.   The  Washington  data  and  Illinois  (Rehabilitated  AASHO 
Test  Road)  data  include  spalling,  as  does  the  data  set  provided  in 
Reference  60. 

Table  28  shows  the  mean  bump  count  for  each  severity  and  extent 
level  of  joint  spalling  reported  in  the  Washington  data  base.   One  might 
expect  that  mean  bump  count  would  increase  as  spalling  becomes  more 
severe  and  widespread.   However,  this  is  not  the  case  for  the  data 
presented  here. 

Two  dozen  test  sections  from  the  Rehabilitated  AASHO  Test  Road 
showed  major  spalling  exceeding  8  spalls  per  1,000  ft.  (305  m.)  of 
pavement.   Spalling  is  reported  'in  this  data  base  as  number  of  spalls 
observed  in  each  of  our  classes,  where  class  3  +  class  4  spalling  is 
considered  "major".   Since  the  test  section  lengths  varied,  it  was 
necessary  to  convert  the  number  of  spalls  per  section  to  number  of 
spalls  per  1,000  ft.  in  order  to  compare  spalling  between  different 
sections. 

Figure  40  illustrates  the  Present  Serviceability  Index  as  related 
to  major  spalling  for  the  Rehabilitated  AASHO  data.   From  this  figure  it 
appears  that  there  is  no  strong  relationship  between  spalling  and  service- 
ability, at  least  in  the  limited  range  of  spalling  represented  in  the 
figure. 
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TABLE  27   BUMP  COUNTS  BY  LEVEL  OF  FAULTING, 
WASHINGTON  RIGID  PAVEMENTS 


Faulting  Level  Bump  Count  Number  of 

Severity Extent Mean Std.  Deviation Measurements 

N  619.6  483.8  159 

1            1  792.8  506.9  276 

1            2  735.0  203.3  7 

1  3  1030  0.0  1 

2  1  430.6  352.6  105 
2            2  791.0  0.0  1 

2  3  0 

3  1  811.8  383.7  84 
3  2  869.7  504.6  7 
3            3  0 
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TABLE  28   BUMP  COUNTS  BY  LEVEL  OF  JOINT  SPALLING 
WASHINGTON  RIGID  PAVEMENTS 


Joint  Spalling 
Severity   Extent 


N 
1 
2 
3 
1 
2 
3 
1 
2 
3 


Bump 

Count 

Number  of 

Mean 

Standard 
Deviation 

Measurements 

381.5 

230.4 

70 

801.0 

545.2 

284 

810.5 

382.3 

59 

- 

- 

0 

569.8 

447.8 

116 

809.4 

304.8 

23 

- 

- 

0 

804.0 

18.4 

2 

654.3 

382.0 

83 

55.0* 

0 

1 

*  This  value  is  probably  an  error  in  coding 
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Figure  40     Serviceability  versus  major  spalling, 
rehabilitated  AASHO  Test  Road 
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Reference  60  reports  crack  spalling  for  continuously  reinforced 
concrete  pavements,  and  both  joint  spalling  and  crack  spalling  for,  plain 
jointed  and  jointed  reinforced  concrete  pavements.   In  each  case  the 
number  of  spalls  per  1,000  ft.  of  pavement  is  recorded.   However,  only 
two  sections  of  each  pavement  type  exhibited  either  crack  or  joint 
spalling  exceeding  8  spalls  per  1,000  ft.  (305  m.)  of  pavement. 

General  Distress/ Serviceability  Relationships.   Multiple  regression 
analyses  were  performed  on  combined  data  records  from  forty-nine  rigid 
pavement  sections,  as  listed  in  Table  29.   The  data  were  obtained  from 
Reference  3,  and  include  values  for  PSR  determined  by  a  rating  panel  as 
well  as  PSI  calculated  from  the  AASHO  equation: 

PSI  =  5.41  -  1.80  log    (1  +  SV)  -  0.09   C+P (10) 

or,  using  the  natural  logarithm, 

PSI  =  5.41  -  0.78  log   (1  +  SV)  -  0.09   C+P (11) 

This  allows  direct  comparison  of  the  results  obtained  here  with  those 
reported  in  Reference  3  for  the  AASHO  equation. 

Data  from  Table  29  were  input  into  the  computer  program  ALLRSQ, 
which  computes  R  for  all  possible  regressions  that  can  be  formed  from 
subsets  of  twenty  or  fewer  "independent"  variables.   ALLRSQ  was  used  to 
parsimoniously  examine  a  full  factorial  of  combinations  of  independent 
variables  and  transformations  of  those  variables,  in  order  to  select 
specific  combinations  of  variables  for  more  thorough  investigation. 

Table  30  lists  the  variables  and  transformations  input  to  program 
ALLRSQ.   The  combinations  of  variables  found  to  produce  a  significant 
increase  in  R^  and  for  which  R^  exceeded  0.90  are  listed  in  Table  31. 
These  most  significant  combinations  were  chosen  for  input  to  program 
FIXREG,  along  with  PSR  values,  construct  PSI  equations  (i.e.,  equations 
specifying  PSI  as  an  estimator  of  PSR,  based  on  distress  measurements) . 
The  statistics  calculated  by  program  FIXREG  are  reported  in  Table  32. 

This  analysis  showed  that  the  equation: 

PSI  =  5.41  -  0.73  log   (1  +  SV  +  0.0063  (C+P)  -  0.17  C+P.  .(12) 

yields  a  significant  (at  a  =   0.05)  increase  in  r2  and  a  decrease  in  S 
with  a  much  lower  Cp  than  equation  (11) .   However,  the  plot  of  residuals 
for  equation  (12)  above  exhibits  extreme  departures  which  suggest  lack- 
of-fit.   The  plots  of  residuals  vs.  observation  and  residuals  versus  Y 
with  a  little  imagination  exhibit  a  slight  oscillation  about  the  abscissa, 
However,  this  trend  appears  to  be  slight  and  the  residuals  are  thought 
to  be  spread  more  or  less  evenly  about  the  residual  space.   The  plot  of 
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TABLE  29    DATA  FOR  49  SELECTED  RIGID  PAVEMENTS  (REF.  3) 


Present 

Sei 

viceobility 

Acceptability 

Longitudinal 

Crack- 

Spoil- 

Patch- 

PSI 

Resid. 

Pvt. 

Sect. 

Ratings 

Opinions 

Roughness 

ing 

ing 

ing 

211 

AASHO  Ponel 

AASHO  Ponel 

SV 

F 

C 

,,'/ 

P 

Pres 

Dill. 

Loc. 

Code 

Moan 

Foull'g 
in 

Class 

tooofl. 
for 

Potch'd 
Areo 

Serv 

Betw'n 

1st 

Ftoplic 

stddev 

Froction 

Slope 

2  ond 

Index 

PSR 

PSR 

diff. 

of  PSR 

Yes 

No 

Vor'nce 

Wh'pth 

Sealed 

oreos 

ii  y 

a 

In 

among 

inwh'plh     jn 

Crocks 

>  3" 

(OOOft. 

PSI 

PSR 

roleri 

(xio») 

in/iooo 

ft/lOOC 

ft* 

Dm 

Rl 

2.0 

.2 

.6 

.0 

.8 

52.0 

2 

53 

4 

8 

1.7 

.3 

R2 

4.2 

.3 

1.0 

.0 

6.5 

0 

4 

0 

0 

3.7 

.5 

R3 

2.6 

.3 

.6 

.2 

.5 

22.2 

0 

42 

0 

11 

2.3 

.3 

R4 

2.3 

.2 

.3 

.0 

.5 

26.2 

7 

46 

0 

7 

2.2 

.1 

in. 

R5 

1.2 

.4 

.0 

1.0 

47.8 

1 

102 

0 

28 

1.4 

.2 

R6 

2.8 

.1 

.6 

.2 

•  i 

25.5 

3 

15 

2 

1 

2.5 

.3 

R7 

4.4 

.0 

.3 

1.0 

.0 

3.2 

0 

0 

0 

0 

4.3 

.1 

R8 

1.1 

.2 

.4 

.0 

1.0 

50.8 

3 

65 

11 

5 

1.6 

.5 

R9 

0.9 

.0 

.3 

.0 

1.0 

76.8 

1 

74 

19 

85 

0.9 

.0 

201 

1.3 

.1 

.6 

.0 

1.0 

43.3 

1 

40 

60 

59 

1.6 

.3 

202 

1.8 

.5 

.0 

1.0 

24.2 

0 

23 

4 

66 

2.1 

.3 

203 

2.1 

.3 

.6 

.1 

.9 

24.7 

0 

47 

1 

a 

2.1 

.0 

204 

4.1 

.3 

1.0 

.0 

2.4 

0 

4 

0 

0 

4.3 

.2 

205 

3.8 

.3 

.4 

1.0 

.0 

4.0 

0 

2 

0 

0 

4.0 

.2 

206 

3.0 

.0 

.5 

.6 

.2 

7.8 

1 

14 

0 

1 

3.4 

.4 

207 

3.0 

.6 

.4 

.2 

7.5 

1 

22 

0 

0 

3.3 

.3 

208 

2.9 

.1 

.6 

.3 

.4 

9.7 

0 

14 

0 

0 

3.2 

.3 

Minn. 

209 

2.5 

.4 

.1 

.6 

17.6 

0 

34 

0 

0 

2.6 

.1 

210 

1.4 

.5 

.0 

1.0 

59.2 

0 

16 

500 

12 

1.8 

.4 

211 

4.3 

.2 

1.0 

0 

3.0 

0 

0 

0 

0 

4.3 

.0 

212 

4.3 

.0 

.4 

1.0 

0 

4.0 

0 

0 

0 

0 

4.1 

.2 

213 

3.7 

.4 

1.0 

0 

5.3 

0 

0 

0 

0 

4.0 

.3 

2H 

3.6 

.3 

.5 

1.0 

0 

4.4 

0 

0 

0 

0 

4.1 

.5 

215 

3.9 

.4 

1.0 

0 

5.3 

0 

0 

0 

0 

4.0 

.1 

216 

3.9 
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PSI  211  =  5.41  -  1.80  log(l+SV)  -  .09^  +  P 
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TABLE  30   RIGID  PAVEMENT  VARIABLES  EXAMINED  BY 

PROGRAM  ALLRSQ 


Variable  No.  Variable 

1  SV  -  Mean  slope  variance 

2  F   -  Faulting 

3  C  -  Cracking 

4  Sp  -  Spalling 

5  P  -  Patching 

6  Log   (sv  +  1) 

°e 

7  SV  *  *  2 

8  C   *  *  2 

9  C  +  P 

10  y/c  +  p 

11  F+C+S+P 
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TABLE  31   COMBINATIONS  OF  RIGID  PAVEMENT  VARIABLES 
SELECTED  BY  PROGRAM  ALLRSQ  FOR  USE  IN 
PROGRAM  FIXREG 


V, 

ariables 

R 

No. 

Name 

No. 

Name 

No. 

Name 

6 

loge  (1 

+  SV) 

9 

C  +  P 

10 

C  +  P 

.929 

5 

p 

6 

loge  (1 

+  SV) 

10 

C  +  P 

.928 

6 

logfi  (1 

+  SV) 

7 

SV2 

10 

C  +  P 

.921 

1 

SV 

9 

C  +  P 

10 

C  +  P 

.921 

4 

Sp 

6 

loge  (1 

+  SV) 

10 

C  +  P 

.920 

6 

loge  (1 

+  SV) 

10 

C  +  P 

- 

" 

.917 

3 

c 

6 

log   (1  +  SV) 

- 

- 

.913 
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TABLE  32     STATISTICAL  ANALYSIS  RESULTS  FOR  RIGID 
PAVEMENT  FROM  PROGRAM  FIXREG 


2  2 

Variables  in  R       F        S  PC 

PSI  equation 


P 


1-6,9,10  .9325  69.08  .0988294  9  9 

6   9  .9171  254.3  .104438  3  6.158 

3    6  .9126  240.1  .110088  3  8.817 

6,7,8  .9287  195.5  .09171017  4  1.2284 

5,5,8  .9275  191.7  .09337801  4  1.9964 

1,7,8  .92081  174.1  .10193  4  5.9342 

4,6,8  .92043  173.5  .102413  4  6.1567 
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residuals  on  normal  cummulative  distribution  paper  exhibits  an  accep- 
tible  linear  trend,  thus  the  F  statistics  appear  to  be  valid. 

The  plot  of  residuals  for  equation  (11)  above  did  not  exhibit 
extreme  departures  of  trends  which  suggest  a  lack  of  fit.   The  plot  of 
residuals  versus  observation  number  exhibited  a  very  slight  curve  trend. 
The  plot  of  residuals  versus  Y  is  satisfactorily  spread  over  the  resi- 
dual space.   The  plot  of  residuals  on  normal  cummulative  distribution 
paper  exhibited  a  satisfactory  linear  trend  to  satisfy  the  normality 
assumption  for  statistical  purposes. 

Table  29  also  includes  replicate  PSR  ratings  on  the  same  section. 
These  ratings  were  several  days  apart  to  insure  that  the  pavement  sec- 
tion had  not  changed.   It  may  be  helpful  to  state  that  the  PSR  was 
defined  as  the  mean  of  a  group  of  individual  ratings.   Thus,  associated 
with  the  PSR  is  a  variance  of  individual  ratings  about  the  PSR.   How- 
ever, the  purpose  of  the  preceeding  regression  analysis  was  to  predict 
PSR.   Thus,  to  compute  the  pure  error  associated  with  PSR,  the  differ- 
ence between  replicate  PSRs  rather  than  the  variance  about  the  PSR,  is 
the  proper  quantity  to  consider. 

The  calculation  of  pure  error  has  the  following  form  for  two  obser- 
vations : 

2   k  k 

Se  =i^1  1/2(RSR1  -  PSR2)2  =±Z±   1/2(A.)2  (13) 


where  A  =  PSR  -  PSR  . 

From  the  data  presented  in  Table  29  the  pure  error  is: 

2    .435 
S   =  ^4t  =  -0189 
e     23 

The  analysis  of  variance  breakdown  for  lack  of  fit  is  given  in  Table 
33.   Both  the  AASHO  equation  and  the  equation  selected  by  this  regres- 
sion analysis  show  significant  lack  of  fit,  although  equation  (12)  does 
provide  somewhat  improved  statistics  as  compared  to  the  equation  (11) . 


TIME  DEPENDENT  DISTRESS /SERVICEABILITY  RELATIONSHIPS 

One  of  the  goals  of  this  project  is  to  develop  distress/performance 
relationships  which  can  be  used  in  pavement  management.   For  management 
purposes,  it  is  necessary  to  make  forecasts  of  pavement  performance 
under  expected  levels  of  traffic,  environment,  maintenance,  etc.   Hence, 
equations  relating  current  and  past  distress  to  future  performance  must 
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TABLE  33     ANALYSIS  OF  VARIANCE  FOR  LACK  OF  FIT,  EQUATIONS  11  and  12 


PSI  =  5.41  -  0.73  log  e  (1  +  SV)  +  0.0063  (C  +  P)  -  0.17\/C  +  P 


Source 


Degrees  of    Sum  of  Square     Mean  Square     F-Ratio 

Freedom (12) 


Residual  45 
Pure  Error  23 
Lack  of  Fit     22 


4.1269575 

.435 

3.69196 


09171017 

01891 

16781625 


8.873  significant 

at  «  =  .01 


PSI  =  5.41  -  0.78  log  e  (1  +  SV)  -  0.09^  +  P 

Source       Degrees  of    Sum  of  Square     Mean  Square 
Freedom 


F-Ratio 


(11) 


Residual  46 
Pure  Error  23 
Lack  of  Fit     23 


4.8041467 

.435 

4.3691467 


.1044397 

.01891 

.1899629 


10.04  significant 
at  *  =  .01 
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be  sought.   The  development  of  such  equations  is  discussed  in  this 
section. 

Flexible  Pavements 

The  development  of  serviceability  and  distress  with  time  follows 
certain  primary  patterns,  as  discussed  previously.   However,  actual  nu- 
merical values  were  found  to  vary  considerably  among  pavement  sections, 
with  little  apparent  functional  relationship  to  time  or  accumulated 
load. 

Figures  41  and  42  show  the  primary  rutting  and  cracking  plus 
patching  patterns  observed  in  the  Minnesota  data.   Approximately  half  of 
the  fifty  test  sections  followed  the  general  rutting  pattern  of  Figure 

41,  and  about  forty  percent  followed  the  general  C+P  pattern  of  Figure 

42.  However,  a  wide  degree  of  individual  variation  was  observed  and 
only  one  in  five  sections  exhibited  distress  patterns  which  were  consis- 
tent with  both  Figures  41  and  42. 

Approximately  forty  percent  of  the  Minnesota  sections  followed  PSI 
patterns  similar  to  that  of  Figure  43.   Again,  however,  considerable 
individual  variation  was  noted. 

No  consistent  relationship  was  found  between  rutting  pattern  and 
serviceability  pattern,  or  between  cracking  plus  patching  patterns  and 
serviceability  pattern.   Many  different  combinations  of  RD  and  C+P  de- 
velopment were  found  to  lead  to  similar  PSI  patterns.   It  is  remarkable, 
though,  that  of  the  eleven  pavement  sections  which  were  consistent  with 
the  distress  patterns  of  both  Figures  41  and  42,  nine  sections  were  also 
consistent  with  the  PSI  pattern  of  Figure  43.   The  remaining  two  sections 
exhibited  nearly  constant  PSI  over  time.   Two  of  these  eleven  sections 
had  Gravel  Equivalents  less  than  18,  five  had  G.E.  between  18  and  25, 
and  four  had  G.E.  exceeding  25. 

In  order  to  incorporate  other  distress  types  into  the  analysis,  the 
Texas  data  were  examined.   Figures  44  through  46  illustrate  the  dis- 
tress and  serviceability  patterns  observed  for  these  data.   Serviceability 
Index  (SI) ,  the  coefficient  of  variation  of  SI  (CV) ,  and  the  Pavement 
Rating  Score  (PRS) ,  are  plotted  in  these  figures.   Values  for  the  severity 
and  extent  of  individual  distress  types  are  also  listed. 

A  slight  upward  trend  in  serviceability  with  time  was  obtained  as 
illustrated  in  Figure  44.   This  trend  was  observed  for  the  majority  of 
the  pavement  sections.   Normally,  the  serviceability  index  should  decrease 
with  time.   The  general  increasing  trend  in  serviceability  may  be  due  to 
random  errors  or  some  type  of  systematic  bias.   The  data  span  only  a  re- 
latively short  time,  five  years,  and  the  increasing  trend  may  only  be  a 
result  of  random  noise.   A  bias  may  be  built  into  the  method  of  calcu- 
lation of  the  serviceability  index  from  Mays-ride-meters  or  the  calibration 
of  these  instruments.   Another  factor  which  may  influence  these  results 
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Figure  41     Rutting  as  a  function  of  time, 
Minnesota  section  14 
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Figure  46      Distress  and  serviceability  history. 
Texas  section  1030 


121 


is  minor  maintenance  performed  on  the  various  sections.   This  type  of 
maintenance  is  not  shown  on  the  data  sheets,  although  major  maintenance 
is  ostensibly  included.   However,  examination  of  the  pavement  condition 
rating  survey  indicates  distress  occurrences  such  as  ravelling  and 
patching,  rated  one  year  and  not  rated  the  next. 

The  coefficient  of  variation  of  SI  was  subsequently  investigated  as 
a  measure  of  performance.   A  general  relation  between  the  level  of 
serviceability  index  and  coefficient  of  variation  was  observed.   Compar- 
ison of  Figures  44  and  46  shows  a  relatively  high  coefficient  of  varia- 
tion for  the  lower  serviceability  index  in  Figure  46  and  a  relatively 
low  coefficient  of  variation  for  the  high  serviceability  index  in  Figure 
44.   This  inverse  relation  between  the  level  of  serviceability  and 
coefficient  of  variation  of  serviceability  appears  logical.   A  pavement 
s-ection  with  a  low  serviceability  is  more  likely  to  exhibit  greater 
fluctuations  along  its  length  than  a  section  with  a  high  serviceability. 
However,  this  general  relation  is  not  strong  and  does  not  appear  to  be 
useful  as  a  measure  of  performance. 

The  pavement  rating  score  was  also  examined  as  a  potential  measure 
of  pavement  performance.   The  PRS  is  a  composite  measure  of  pavement 
distress,  constructed  by  deducting  specified  amounts  for  the  level  of 
each  observed  distress  from  a  "perfect"  score  of  100.   Thus,  if  PRS  were 
adopted  as  a  measure  of  pavement  performance,  it's  relationship  to 
pavement  distress  would  be  specified  by  the  selection  of  deduct  values. 
Unfortunately,  a  considerable  amount  of  fluctuation  in  PRS  was  observed, 
as  is  evident  in  the  Figures. 

The  AASHO  Road  Test  data  were  used  to  investigate  the  time  delay  or 
difference  in  accumulated  axle  load  between  the  onset  of  cracking  and 
the  "failure"  of  the  pavement  (the  serviceability  drops  to  the  terminal 
level).   At  the  AASHO  Road  Test,  this  terminal  PSI  level  was  chosen  to 
be  1.5.   Only  a  very  weak  relationship  was  found  between  the  onset  of 
cracking  and  the  achievement  of  terminal  serviceability,  as  shown  in 
Figure  47.   It  is  interesting,  however,  that  the  Loop  4,  5,  and  6  flex- 
ible pavements  used  in  plotting  this  Figure  tended  to  experience  initial 
cracking  at  distinct  intervals  along  the  accumulated  load  scale.   The 
first  such  heavy  cracking  period  occurred  between  80,000  -  120,000 
accumulated  equivalent  18-kip  (80  kN)  loads,  corresponding  to  April  and 
May  of  1959.   The  second  period  occurred  during  October  and  November  of 
1959,  for  loads  of  270,000  -  360,000.   The  third  period  occurred  during 
April  of  1960,  with  corresponding  accumulated  load  of  570,000  -  660,000. 
These  periods  are  strongly  correlated  with  high  rainfall,  rising  or 
falling  water  tables,  and  spring  or  fall  temperature  fluctuations. 

Notice  that  there  are  no  similar  trends  for  pavements  reaching  ter- 
minal serviceability.   That  is,  pavements  reached  terminal  serviceability 
individually  or  in  small  groups  with  some  pavements  "failing"  in  almost 
every  month. 
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Similar  results  were  found  for  the  onset  of  major  cracking,  as 
shown  in  Figure  48. 

Rigid  Pavements 

A  similar  analysis  of  AASHO  Road  Test  data  for  rigid  pavement 
sections  is  illustrated  in  Figure  49.   In  this  case,  though,  the  pave- 
ments experience  first  cracking  over  much  larger  time  intervals,  while 
pavements  reach  terminal  serviceability  in  more  noticeable  groupings. 
This  is  also  evident  in  Figure  50,  which  shows  the  relationship  between 
first  cracking  and  the  pavement  reaching  a  serviceability  of  3.0.   In 
both  cases,  the  pavement  sections  grouped  in  the  lower  left-hand  corner 
were  those  with  slab  thickness  3.5  inches  (8.9  cm.),  while  those  at  the 
top  of  the  figures  had  slab  thickness  5  inches  (13  cm.)  or  greater.   A 
similar  relationship  was  found  for  the  delay  between  the  onset  of  major 
cracking  and  the  achievement  of  terminal  serviceability. 

Figure  51  shows  the  time  delay  between  the  occurrence  of  Damage 
Index  (DI)  values  exceeding  100  ft.  (30  m.)  per  1000  sq.  ft.  (93  sq.  m.) 
and  the  attainment  of  terminal  PSI .   Damage  Index  is  a  measure  of  total 
cracking  and  patching.   It  is  clear  that  all  sections  failed  within 
about  9  weeks  after  DI  first  exceeded  100. 

The  influence  of  time  and  accumulated  axle  loads  on  pavement  service- 
ability was  investigated,  but  no  clear  relationships  were  established. 
A  clear  influence  of  environment  on  serviceability  for  rigid  pavements 
was  found,  however.   This  is  illustrated  in  Figure  52.   Contrary  to 
expectation,  the  largest  environmental  influence  on  PSI  appears  to  be 
the  depth  of  the  water  table,  rather  than  rainfall  or  freeze/thaw.   Of 
course,  pumping  was  quite  a  problem  at  the  Road  Test,  and  even  a  small 
amount  of  rain  can  be  significant  when  the  ground  is  already  wet  (high 
water  table).   However,  as  shown  in  Figure  52,  the  largest  PSI  changes 
occurred  when  the  water  table  was  low. 

As  a  supplement  to  the  rigid  pavement  data  bases  described  pre- 
viously, records  of  serviceability,  accumulated  load,  and  failures  per 
mile  were  obtained  for  125  sections  of  CRCP  from  Texas.   The  data  were 
graciously  made  available  by  Dr.  B.F.  McCullough  and  his  colleages  at 
the  University  of  Texas.   The  "Riding  Quality"  scores  on  a  zero-to-five 
scale  are  derived  from  roughness  data  through  a  correlation  to  profilo- 
meter  measurements.   The  number  of  failures  per  mile  was  obtained  from 
condition  survey  records  for  1974  and  1978. 

Figures  53  and  54  show  Riding  Quality  as  a  function  of  accumulated 
18-kip  (80  kN)  equivalent  axle  loads  and  failures  per  mile,  respectively. 
It  is  apparent  that  Riding  Quality  is  independent  of  accumulated  load 
and  failures  per  mile  for  these  CRC  pavements.   This  may  be  due  to 
maintenance  activities  carried  out  by  SDHPT  personnel,  but  maintenance 
records  were  not  included  in  the  data  base. 
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An  additional  modeling  effort  was  carried  out  based  on  subjective 
data  collected  to  supplement  the  data  sources  described  in  Chapter  3. 
Project  staff  and  members  of  the  Advisory  Panels  were  asked  to  draw 
typical  serviceability  and  distress  histories  for  those  pavement  types, 
distress  types,  and  environmental  and  traffic  conditions  with  which  they 
were  familiar.   These  graphs  were  then  analyzed  as  "average"  distress 
and  performance  patterns  for  the  stated  conditions.   Graphs  drawn  by 
different  experts  were  compared,  and  results  were  combined  if  assumed 
conditions  and  predicted  performance  were  sufficiently  similar. 

A  fairly  consistent  set  of  rigid  pavement  subjective  data  was 
obtained  for  plain  jointed  concrete  pavements,  with  dowels  at  the  joints, 
10-11  inch  (25-28  cm.)  slab  thickness,  granular  sub  ~h.se ,  in  a  Southern 
U.S.  Climate,  with  routine  maintenance  performed  at  or  above  three- 
fourths  the  "desirable"  level.   Major  cracking,  crack  spalling  and  joint 
spalling  were  reported  as  the  important  distress  variables.   Traffic  was 
assumed  to  be  roughly  constant  with  time,  yielding  2-10  million  equiva- 
lent 18-kip  (80  kN)  axle  loads  over  a  25-30  year  period. 

Model  equations  were  developed  from  these  data,  expressing  PSI  at  a 
given  time  as  a  function  of  previous  distress.   The  individual  distress 
equations  which  reproduced  the  subjective  data  most  adequately  are: 

PSI  (t)  =  4.3  -  0.0097  [C(t-7)] (14) 

PSI  (t)  =  4.3  -  0.061  [Sp(t-2)] (15) 

and 

PSI  (t)  =  4.3  -  0.25  [JSp(t-l)  -  6] (16) 

where: 

PSI(t)  =  Present  Serviceability  Index  at  time  t, 

C(t)    =  Major  (Class  3+4)  cracking  at  time  t,  ft.  per 
1000  sq.  ft., 

Sp(t)   =  Crack  spalling  at  time  t,  percent  of  cracks 
spalled, 

JSp(t)  =  Joint  Spalling  at  time  t,  average  percent  of 
joint  length  spalled,  and 

t      =  Time,  in  years 

A  single  equation  involving  all  of  these  distress  types  was  also  developed: 

PSI(t)  =  4.3  -  0.0029  [C(t-7)]  -  0.013  [Sp(t-2]  -  0.15  [P(t-4]  - 

0.045  [JSp(t-l)  -6] (17) 
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where: 

PSI,  C,  Sp,  JSp,  and  t  are  as  defined  above,  and  P(t)  =  patching  at 
time  t,  percent  of  area  patched. 

The  PSI  values  predicted  by  equations  14  through  17  were  compared 
to  actual  field  measurements  from  the  Rehabilitated  AASHO  Test  Road. 
Figure  55  illustrates  the  comparison  for  a  specific  JCP  section.   None 
of  the  "predicted"  values  of  PSI  closely  resembled  the  observed  values 
for  any  of  the  two  dozen  JCP  sections  in  the  data  base. 
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Figure  55    Comparison  of  predicted  (equation    17)  and 

observed  serviceability  histories,  rehabilitated 
AASHO  Test  Road  section  350 
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CHAPTER  6.   RELATED  FINDINGS 


In  addition  to  the  model  equations  described  in  the  previous  chap- 
ter, several  related  findings  were  produced  by  this  study.   These  findings 
are  spin-offs  from  the  modeling  effort  discussed  previously.   It  is 
hoped  that  they  may  be  useful  in  directing  future  research  efforts,  with 
particular  regard  to  data  collection. 


DATA  REQUIREMENTS  FOR  PERFORMANCE  MODELING 

While  several  model  equations  were  developed  during  the  course  of 
this  project  for  relating  pavement  distress  to  serviceability  and  per- 
formance, none  of  these  can  be  considered  as  useful,  verifiable  models 
for  performance  prediction  purposes.   Several  factors  contributed  to 
this  result.   For  example,  the  project  staff  decided  not  to  manipulate 
or  discard  the  data  made  available  to  us  for  use  in  this  project  unless 
compelling  evidence  could  be  found  to  support  such  manipulation.   Attempts 
were  made,  to  select  specific  subsets  of  data  for  use  in  the  analysis, 
but  these  attempts  were  based  on  identifiable  characteristics  for  the 
pavement  sections  involved,  which  were  expected  to  have  an  impact  on 
pavement  performance.   For  example,  a  data  base  involving  several  hun- 
dred pavement  sections  could  be  divided  into  groups  based  on  structural 
number,  traffic  levels,  pavement  type,  layer  thicknesses,  or  other 
identifiable  pavement  characteristics.   Each  subgroup  was  then  analyzed 
individually.   However,  "out-liers"  were  not  discarded  without  compelling 
reason,  and  groupings  of  pavement  were  not  made  arbitrarily  in  order  to 
achieve  better  results.   For  instance,  it  was  observed  during  the  study 
that  roughly  20  percent  of  the  pavement  sections  in  a  particular  data 
base  exhibited  similar  serviceability  and  distress  trends,  and  hence, 
could  potentially  be  used  to  derive  regression  equations  which  would 
exhibit  a  good  fit  to  the  data,  i.e.,  large  values  of  R^ .   However, 
these  pavements  involved  a  wide  range  of  traffic,  layer  thicknesses, 
age,  and  so  forth.   No  specific  characteristics  could  be  identified 
which  would  set  this  group  apart  from  the  other  pavements  in  the  data 
base.   Indeed,  many  pavements  of  similar  structure,  traffic,  etc.,  ex- 
hibited a  variety  of  patterns  of  serviceability  and  distress  development. 

Several  other  factors  influenced  the  modeling  effort,  such  as 
limited  project  funding,  delays  experienced  in  obtaining  data,  and  so 
forth.   However,  the  single  most  important  factor  was  found  to  be  the 
inadequacy  of  the  available  data  records . 

During  the  conduct  of  this  research,  members  of  the  project  staff 
made  contact  with  representatives  of  a  dozen  state  highway  agencies 
regarding  pavement  performance  data.   Data  records  were  obtained  from 
six  of  these  agencies.   Data  records  from  the  AASHO  Road  Test  were  also 
obtained  and  used  in  the  study.   In  addition,  an  HRIS  of  the  available 
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literature  was  conducted,  and  numerous  research  reports  were  reviewed. 
Four  of  these  reports  yielded  data  which  were  analyzed  as  a  part  of  the 
research  effort,  while  many  others  provided  insight  and  direction  to  the 
research  effort.   Data  were  required  from  several  sections  of  the  Bramp- 
ton Test  Road. 

Data  from  each  of  these  sources  were  found  to  be  inadequate  for  the 
purposes  of  this  study.   The  major  factors  contributing  to  this  inade- 
quacy are  discussed  below.   Of  course,  not  all  data  sources  exhibited 
all  of  the  inadequacies  listed  below.   In  some  cases,  only  a  single 
factor  was  missing,  while  in  others,  several  factors  contributed  to  the 
inadequacy.   However,  in  no  case  did  a  single  data  source  prove  entirely 
adequate. 

The  following  major  inadequacies  were  identified: 

(1)  Inadequate  Time  Record:   One  of  the  major  problems  in  deter- 
mining time  dependent  distress/serviceability  relationships 
was  the  time  scale  involved  in  the  data  records.   Many  of  the 
data  records  involved  only  one  to  three  years  of  pavement 
distress  and  serviceability  data.   If  the  pavements  involved 
had  an  average  life  of  twenty  years,  such  a  limited  sample 
would  hardly  provide  an  adequate  basis  for  modeling. 

(2)  Failure  to  Record  both  Distress  and  Serviceability  Data: 
Several  states  that  were  contacted  regarding  data  for  this 
project  reported  that  distress  and  serviceability  data  were 
not  available  on  the  same  data  file,  or  simply  were  not  avail- 
able for  the  same  pavement  sections  at  all.   Some  states 
indicated  that  they  could  provide  good  records  on  particular 
distress  types,  but  no  corresponding  record  of  serviceability; 
others  reported  that  good  serviceability  records  were  avail- 
able, but  that  conditions  surveyed  for  distress  records  were 
no  longer  performed. 

This  inadequacy  also  relates  to  paragraph  1  above.   In  some 
cases,  otherwise  adequate  data  bases  were  found  to  have  limited 
records  for  either  serviceability  or  a  particular  distress 
type.   For  example,  a  data  base  which  involved  thirteen  years 
of  annual  observations  was  found  to  have  only  nine  to  ten 
years  of  data  for  any  particular  distress  type.   At  the  same 
time,  this  data  base  recorded  only  a  maximum  of  five  annual 
serviceability  measurements.   In  addition,  two  of  the  service- 
ability measurements  were  made  during  years  for  which  no 
distress  measurements  were  performed.   Hence,  the  lack  of 
distress  and  serviceability  data,  transformed  an  otherwise 
quite  adequate  data  base  in  terms  of  time  period  and  variables 
recorded,  into  a  data  base  covering  an  inadequate  time  period. 

(3)  Lack  of  Maintenance  Data:   Very  limited  maintenance  records 
were  included  in  the  data  obtained  for  this  study.   One  of  the 
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data  bases  included  specific  maintenance  records  including 
seal  coats  and  other  major  maintenance  activities.   However, 
the  record  provided  was  found  to  be  only  a  partial  record  of 
the  maintenance  activities  performed  on  the  pavement  sections 
involved.   Another  of  the  data  bases  recorded  the  area  of 
patching  in  square  feet.   Presumably,  however,  other  mainte- 
nance activities  were  carried  out  on  the  pavement  sections. 
Yet  another  data  base  recorded  only  the  sum  of  cracking  plus 
patching.   Thus,  it  was  not  possible  to  determine  what  portion 
of  this  total  value  reported  was  maintenance  related. 

(4)  Omission  of  Key  Variables:   Those  key  distress  variables 
believed  to  be  most  significant  for  this  study  are  listed  in 
Table  2.   Of  the  variables  listed  for  flexible  and  composite 
pavements,  only  rutting  was  recorded  universally  in  the  data 
examined.   None  of  the  selected  rigid  pavement  variables  were 
reported  universally.   In  many  cases,  significant  distress 
variables  were  lumped  together  or  combined  into  a  single  index 
the  value  of  which  was  reported  in  the  data  record. 

Regarding  the  serviceability  or  performance  of  pavements,  most 
data  sources  reported  a  PSI  on  a  0  to  5  scale.   However,  some 
of  the  data  sources  reported  only  roughness  or  "bump  count". 

(5)  Lack  of  Standardization  of  the  Units:   The  only  variable 
universally  reported  in  the  same  units  was  rut  depth,  recorded 
in  inches.   Even  so,  the  method  for  determining  average  rut 
depth  varied  among  the  data  sources  used.   Other  distress 
variables  were  recorded  in  a  variety  of  units.   For  example, 
various  forms  of  cracking  were  reported  in  units  of  square 
feet  per  thousand  square  feet  of  pavement  surface,  linear  feet 
per  thousand  square  feet,  square  feet  of  area  affected,  total 
length  of  cracking,  number  of  cracks  per  section,  and  by 
distress  level  in  terms  of  severity  and  extent. 

Serviceability  was  generally  recorded  as  PSI  on  a  scale  of  0  to  5. 
However,  the  equation  used  to  calculate  PSI  varied  from  data  base  to 
data  base.   That  is,  no  standard  definition  of  PSI  was  adopted  universally, 

Given  the  wide  variety  of  data  sources  examined  for  use  in  this 
project,  it  is  likely  that  the  problems  encountered  here  are  common  to 
the  vast  majority  of  existing  data  sources.   That  is,  data  inadequacy  is 
a  very  nearly  universal  problem.   Therefore,  it  was  felt  that  some 
guidelines  should  be  provided  for  future  data  collection  efforts.   It 
should  be  emphasized  that  these  guidelines  apply  specifically  to  data 
collected  for  modeling  purposes;  they  may  not  be  applicable  to  data 
collected  for  routine  inventory  purposes. 

One  approach  to  this  would  involve  listing  a  straightforward  set  of 
solutions  to  the  problems  identified  above.   Thus,  the  lack  of  inadequate 
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time  base  could  be  solved  by  simply  collecting  data  for  longer  periods 
of  time,  while  the  use  of  nonstandard  units  could  be  eliminated  by 
adopting  a  federal  standard  for  the  measurement  of  various  types  of 
distress.   However,  beyond  just  correcting  the  obvious  deficiencies,  the 
only  way  to  assure  that  meaningful  modeling  will  be  achieved  is  to 
design  an  experiment  or  experiments  to  incorporate  all  the  relevant 
factors. 

Consequently,  project  staff  developed  an  "ideal"  experiment  designed 
to  provide  the  data  necessary  for  effective  performance  modeling.   This 
ideal  design  is  presented  here  as  an  aid  to  future  research.   It  is  not 
anticipated  that  this  particular  experiment  will  be  performed,  but  it  is 
felt  that  the  considerations  discussed  here  will  provide  guidance  for 
future  data  collection  efforts.   The  discussion  deals  only  with  flexible 
pavements,  for  example  purposes.   However,  the  same  basic  considerations 
carry  over  to  rigid  pavements,  and  a  similar  design  could  be  constructed 
for  the  rigid  case. 

"Ideal"  Experiment  Design 

The  first  step  in  the  design  of  an  experiment  to  collect  data  for 
pavement  performance  modeling  is  to  identify  the  dependent  variables 
(Y's)  to  be  measured  during  the  experiment.   The  list  of  important 
variables  should  likely  include:   (1)  distress,  (2)  roughness,  (3) 
deflection,  and  (4)  skid  resistance.   Each  of  these  basic  variables  may 
involve  several  sub-variables.   For  example,  distress  will  undoubtedly 
involve  rutting  and  fatigue  cracking,  as  well  as  possibly  low  tempera- 
ture cracking,  bleeding,  and  other  variables.   It  is  desirable  to  limit 
this  set  of  variables  as  much  as  possible  without  excluding  important 
parameters. 

The  next  step  is  to  acknowledge  the  role  of  time.   It  must  be 
pointed  out  that  time  should  be  regarded  as  a  split-plot  factor  and  not 
as  a  dependent  variable  or  as  a  covariate  which  allows  another  term  (a 
regression  piece)  to  be  placed  in  the  analysis  of  variance  model  for  the 
first  stage  in  the  analysis  of  the  structure  effects.   The  reason  time 
should  be  regarded  as  a  split  plot  factor  in  the  ideal  experiment  is 
that  it  forces  the  investigator  to  obtain  measurements  throughout  the 
entire  experiment  at  fixed  intervals  of  time  for  all  treatment  combina- 
tions.  This,  of  course,  eliminates  the  inadvertent  confounding  of  time 
with  particular  treatment  combinations  and  allows  investigation  of  the 
interactions  of  time  with  all  factors  in  the  experiment.   This  probably 
is  the  single  most  important  concept  in  the  experiment  design.   Any 
departure  from  taking  observations  in  a  regularly  scheduled  time  sequence 
will  have  confounding  effects  that  cannot  be  completely  accounted  for  in 
the  analyses  to  follow.   Of  course,  the  shortcoming  of  any  time  variables 
is  that  the  errors  may  be  correlated  and  this  will  hurt  good  prediction 
models. 

Next,  a  list  of  factors  and  levels  to  consider  in  the  ideal  experiment 
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must  be  developed.   An  example  is  given  in  Table  34.   These  factors  are 
not  supposed  to  be  exhaustive  or  mandatory.   However,  it  is  felt  that  15 
factors  will  be  sufficient  to  include  all  major  influences  on  pavement 
performance. 

It  may  be  desirable  to  delete  some  factors,  such  as  G  or  H,  which 
overlap  to  some  degree.   Similarly,  some  factors  may  need  further  sub- 
division, such  as  M,  which  may  require  separate  treatment  of  surface  and 
sub-surface  drainage. 

If  only  2  levels  were  run  for  each  of  the  15  factors,  a  design  that 
would  allow  estimation  of  all  main  effects  and  two  factor  interactions 
(assuming  three  factor  interactions  are  zero)  is  a  1/128  replication  of 
the  15  factors  in  8  blocks  of  32  each.   Of  course,  8  blocks  may  not  be 
necessary,  and  this  design  simply  represents  an  "ideal"  estimate  made  by 
project  staff. 

Such  a  design  is  given  on  page  70  and  72  of  Reference  62*  as  Plan 
128.15.32,  1/128  replication  of  15  factors  in  8  blocks  of  32  units  each. 
The  Identity,  Block  confounding  and  Blocks  for  this  design  are  repro- 
duced in  Figure  56. 

Note  that  an  appropriate  block  structure  must  be  chosen,  which  may 
require  a  relabeling  of  the  factors.   For  example,  if  the  interaction 
(ABD)  within  the  environmental  category  were  to  be  used  in  blocks,  then 
moisture,  temperature,  and  freeze-thaw  would  be  renamed  "A",  "B",  and 
"D",  respectively. 

The  design  of  Figure  56  is  good  for  two-level  interactions.   How- 
ever, it  is  anticipated  that  at  least  three  levels  will  be  needed  in 
most  if  not  all  factors  in  order  to  investigate  curvature  (deviation 
from  straight-line  behavior) .   If  curvature  is  needed  in  all  the  fac- 
tors, a  composite  design  could  be  run  which  would  require  a  total  of  31 
more  treatment  combinations.   Since  only  three  levels  would  probably  be 
used  for  each  factor,  we  could  represent  the  center  point  as  0  level  and 
allow  low  =  -1  and  high  =  +1.   Using  this  set  of  definitions  for  the 
levels,  the  31  treatment  combinations  given  in  Table  35  should  be  added 
to  the  256  in  the  original  design,  making  287  combinations.   Of  course 
there  would  need  to  be  repeats  of  these  287  treatment  combinations.   It 
would  be  "ideal"  to  have  a  complete  replicate  of  the  whole  experiment, 
but  one  may  conceive  of  13  repeats  if  engineering  information  were 
available  on  the  experimental  error  and  the  13  were  used  only  to  check 
the  error. 


Fractional  Factorial  Experiment  Designs  for  Factors  at  Two  Levels", 
The  Statistical  Engineering  Laboratory,  National  Bureau  of  Stan- 
dards, Applied  Mathematics  Series  48. 
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TABLE  34    POTENTIAL  FACTORS  TO  BE  INCLUDED  IN  THE  DESIGN  OF  AN  IDEAL 

EXPERIMENT  TO  COLLECT  DATA  FOR  PAVEMENT  PERFORMANCE  MODELING 


CATEGORY 


FACTOR 


Structural 


A.  Surface  thickness 

B.  Surface  type 

C.  Base  thickness 

D.  Base  type 

E.  Subgrade  strength 


Environment 


F.  Moisture 

G.  Temperature 

H.   Freeze/thaw  cycles 


Load 


J.   Traffic  or  vehicle  passes 

K.   Percent  trucks  or  equivalent  axle  load 


Miscellaneous 


L.  Construction  variability 

M.  Drainage 

N.  Maintenance,  preventive 

0.  Maintenance,  corrective 

P.  Geometry 
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Plan  128.15.32.   1/128  replication  of  15  factors  in  S  blocks  of  32  units  each. 

Factors:   A,B,C,D,E,F,G,H,J,K,L,M,N,0,P. 

I  =  ABEGN  =  ACEFNP  =  BCFGP  =  DEFGO  =  ABDFNO  =  ACDGNOP  =  BCDEOP  =  ADHKO 
=  BDEGHKNO  =  CDEFHKNOP  =  ABCDFGHKOP  =  AEFGHK  =  BFHKN  =  CGHKNP 
=  ABCEHKP  =  BCHJNOP  =  ACEGHJOP  =  ABEFHJO  =  FGHJNO  =  BCDEFGHJNP  =  ACDFHJP 
=  ABDGHJ  =  DEHJN  =  ABCDJKNP  =  CDEGJKP  =  BDEFJK  =  ABFGJKN  =  ABCEFGJKNOP 
=  CFJKOP  =  BGJKO  =  AEJKNO  =  ABKLOP  =  EGKLNOP  =  BCEFKLNO  =  ACFGKLO 
=  ABDEFGKLP  =  DFKLNP  =  BCDGKLN  =  ACDEKL  =  BDHLP  =  ADEGHLNP  =  ABCDEFHLN 
=  CDFGHL  =  BEFGHLOP  =  AFHLNOP  =  ABCGHLNO  =  CEHLO  =  ACHJKLN  =  BCEGHJKL 
=  EFHJKLP  =  ABFGHJKLNP  =  ACDEFGHJKLNO  =  BCDFHJKLO  =  DGHJKLOP 
=  ABDEHJKLNOP  =  CDJLNO  =  ABCDEGJLO  =  ADEFJLOP  =  BDFGJLNOP  =  CEFGJLN 
=  ABCFJL  =  AGJLP  =  BEJLNP  =  CDGHJMO  =  ABCDEFHJMNO  =  ADEFGHJMNOP 
=  BDFHJMOP  =  CEFHJM  =  ABCFGHJMN  =  AHJMNP  =  BEGHJMP  =  ACGJKM  =  BCEJKMN 
=  EFGJKMNP  =  ABFJKMP  =  ACDEFJKMO  =  BCDFGJKMNO  =  DJKMNOP  =  ABDEGJKMOP 
=  BDGMNP  =  ADEMP  =  ABCDEFGM  =  CDFMN  =  BEFMNOP  =  AFGMOP  =  ABCMO 
=  CEGMNO  =  ABGHKNINOP  =  EHKMOP  =  BCEFGHKMO  =  ACFHKMNO  =  ABDEFHKMNP 
=  DFGHKMP  =  BCDHKM  =  ACDEGHKMN  =  ABCDGHJKLMP  =  CDF.HJKLMNP 
=  BDEFGHJKLMN  =  ADFHJKLM  =  ABCEFHJKLMOP  =  CFGHJKLMNOP  =  BHJKLMNO 
=  AEGHJKLMNO  =  BCGJLMOP  =  ACEJLMNOP  =  ABEFGJLMNO  =  FJLMO  =  BCDEFJLMP 
=  ACDFGJLMNP  =  ABDJLMN  =  DEGJLM  =  ADGKLMNO  =  BDEKLMO  =  CDEFGKLMOP 
=  ABCDFKLMNOP  =  AEFKLMN  =  BFGKLM  =  CKLMP  =  ABCEGKLMNP  =  GHLMN 
=  ABEHLM  =  ACEFGHLMP  =  BCFHLMNP  =  DEFHLMNO  =  ABDFGHLMO  =  ACDHLMOP 
=  BCDECHLMNOP. 

Block  confounding:   ABD,  ACF,  BCDF,  ABCE,  CDE ,  BEE,  ADEF 

Blocks  only:  All  two-factor  interactions  are  measurable. 

Blocks 


(1)       bcdfgjmo   acdghk     abfhjkmo  acdgj 1  abflmo     hjkl 

cefhjklmn  bdcghklno  adefgjlmn  abcelno  adcfghkmn  abcehjkno  cefran 

adefhjlop  abceghlmp  cefgjklop  bdeklmp  cefghop  bdchjmp 

acdkmnop   abfgjknp   ghmnop     bcdfhjnp  gjklmnop  bcdjklnp 

2  3         4         5  6 


bcdfghklmo 
bdcgjno 
adcfkop     abcegjkmp 
acdhj lmnop  abfghlnp 

S 


Figure  bG   "Ideal"  Experiment  Design  Using 
IS  Factors  in  8  Blocks  (After  Reference  621 
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TABLE  35    ADDITIONAL  TREATMENT  COMBINATIONS  NEEDED  TO 

INVESTIGATE  CURVATURE  IN  THE  "IDEAL"  EXPERIMENT 


FACTOR 

A 

B 

c 

D 

E 

F 

G 

H 

J 

K 

L 

M 

N 

0 

p 

1. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+1 

3. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-1 

4. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+1 

0 

5. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-1 

0 

6. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+1 

0 

0 

7. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-1 

0 

0 

8. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+1 

0 

0 

0 

9. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-1 

0 

0 

0 

10. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+1 

0 

0 

0 

0 

11. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-1 

0 

0 

0 

0 

12. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+1 

0 

0 

0 

0 

0 

13. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-1 

0 

0 

0 

0 

0 

14. 

0 

0 

0 

0 

0 

0 

0 

0 

+1 

0 

0 

0 

0 

0 

0 

15. 

0 

0 

0 

0 

0 

0 

0 

0 

-1 

0 

0 

0 

0 

0 

0 

16. 

0 

0 

0 

0 

0 

0 

0 

+1 

0 

0 

0 

0 

0 

0 

0 

17. 

0 

0 

0 

0 

0 

0 

0 

-1 

0 

0 

0 

0 

0 

0 

0 

18. 

0 

0 

0 

0 

0 

0 

+1 

0 

0 

0 

0 

0 

0 

0 

0 

19. 

0 

0 

0 

0 

0 

0 

-1 

0 

0 

0 

0 

0 

0 

0 

0 

20. 

0 

0 

0 

0 

0 

+1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

21. 

0 

0 

0 

0 

0 

-1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

22. 

0 

0 

0 

0 

+1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

23. 

0 

0 

0 

0 

-1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

24. 

0 

0 

0 

+1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

25. 

0 

0 

0 

-1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

26. 

0 

0 

+1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

27. 

0 

0 

-1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

28. 

0 

+1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

29. 

0 

-1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

30. 

+1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

31. 

-1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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Analyses 

Let  us  assume  that  all  measurements  of  roughness  (y]_)  ,  deflection 
(y2) »  skid  resistance  (y3) ,  rutting  (y^  and  fatigue  cracking  (y5)  have 
been  taken  over  the  time  intervals  desired  for  all  300  treatment  combi- 
nations.  There  may  be  as  many  time  intervals  as  desired. 

1.    Analysis  at  each  time  period 

One  could  run  an  analysis  of  variance  (ANOVA)  on  the  256 
treatment  combinations,  plus  the  13  repeats  for  pure 
error  at  each  time  period  for  each  of  the  five  y's  (as- 
suming appropriate  transformations  were  made  to  make  all 
variables  normally  distributed  as  follows: 


Source 

df 

Blocks 

7 

6 

0 

Main  Effects 

15 

Two  Factor 

Interactions 

105 

Residual 

128 

Pure  error 

13 

Total         268 

After  finding  out  which  two  factor  interactions  were  significant, 
one  could  use  all  300  observations  and  run  a  multiple  regression  on  each 
dependent  variable,  y.  (i  =  1,2,..., 5)  as  follows: 

y.  =  60  +  3lX]L  +...+315x15  +  h^   +...+  3155l5x^5  +... 

all  two  factor  interactions  significant  in  the  ANOVA  for  the 
ith  dependent  variable  +  residual  +  pure  error. 

After  the  engineers  were  satisfied  with  the  models  (here  we  say  5 
models,  but  it  could  be  more  or  less) ,  one  may  look  for  an  index  to  put 
all  these  variables  together  as  an  "overall  performance"  index. 

2.    Analysis  over  Time  (where  time  is  a  split-plot  factor) 

Run  an  ANOVA  on  each  y,  say  over  11  time  periods,  to  get 
a  number  to  show  in  the  ANOVA  (the  number  of  time  periods 
could  be  greater  or  smaller) .   The  ANOVA  would  be  the 
following : 
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Source  df 

Blocks  7 

61  0 

(A  thru  P)  Main  Effects  (M.E.)  15 

(A  thru  P)  Two  Factor  Interactions  (2f.i.)  105 

Residual  128 

Pure  error  13 

h ° 

Time  (T)  10 

T  x  Blocks  70 

T  x  M.E.  150 

T  x  2f.i.  1050 

T  x  Residual  1280 

T  x  Pure  error  130 


The  most  important  part  of  this  ANOVA  is  to  find  out  if  the  inter- 
pretation of  T  x  Pure  error  mean  square  is  the  same  order  of  magnitude 
as  Pure  error  mean  square.   This  concept  is  covered  at  the  end  of  Chap- 
ter 7  of  Reference  631. 

The  next  important  part,  given  that  the  first  one  shows  these 
errors  are  the  same  size,  is  T  x  Residual  vs.  Residual.   Next  after  that 
T  x  2f.i.  vs.  Two  Factor  Interactions  and  finally  T  x  M.E.  vs.  Main 
Effects. 

If  the  errors  (Pure  and  Residual)  can  all  be  pooled  then  an  overall 
regression  analysis  may  be  run  for  each  y.  as  follows: 

y.  =  3^  +...+  315x15  +  61)lX2  +...+  315jl5x25 

+  significant  two  factor  interactions  of  the  15  factors, 
+  significant  time  and  interactions  of  time  effects, 
+  residual  +  pure  error. 

Again  after  the  engineers  are  satisfied  with  the  models,  they  may 
seek  an  index  for  "overall  performance"  using  the  y-variables. 

If  it  turns  out  that  the  errors,  Pure  and  T  x  Pure,  cannot  be 
pooled,  there  may  be  correlation  of  the  errors.   To  examine  the  effects 
of  this  condition  in  the  factorial  part,  one  may  use  the  procedure  given 
on  page  166  of  Anderson  and  McLean  (Ref.  63).   In  this  case,  one  calcu- 
lates the  sums  of  squares  as  given  above,  but  the  degrees  of  freedom  for 
the  sources  are  used  as  follows : 


■"•V.!,.  Anderson  and  R.A.  McLean,  "Design  of  Experiments:   A  Realistic 
Approach",  Marcel  Dekker,  Inc.,  N.Y.,  1974. 
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Source 

df 

Time  (T) 

1 

T  x  Blocks 

7 

T  x  M.E. 

15 

T  x  2f.i. 

105 

T  x  Residual 

128 

T  x  Error 

13 

If  the  results  of  all  the  F-tests  are  the  same  as  for  the  previous 
tests  using  10  times  the  degrees  of  freedom  (df )  ,  one  need  not  be  concerned 
about  correlated  errors.   If,  however,  there  are  major  differences,  care 
must  be  taken  in  the  interpretation  and  use  of  the  variables  in  the  re- 
gression equations.   There  is  no  clear-cut  way  to  ideally  obtain  all  the 
information  due  to  time  if  the  errors  are  too  highly  correlated. 

Other  Design  Approaches 

There  are  many  types  of  designed  experiments  that  could  be  used  for 
this  problem,  but  the  most  efficient  one  seems  to  be  the  one  discussed 
thoroughly  above. 

If  one  wants  to  investigate  three  factor  interactions,  an  entirely 
different  design  of  experiment  must  be  made.   It  would  require  many  more 
treatment  combinations  than  the  design  presented  here. 

If  curvature  must  be  examined  for  all  combinations  of  the  15  fac- 
tors, a  fractional  factorial  of  3*-->   may  be  needed.   The  number  of  treat- 
ment combinations  required  for  this  type  of  design  is  quite  large,  even 
if  three  factor  interactions  are  assumed  zero. 


PERFORMANCE  MODEL  REQUIREMENTS  FOR  PAVEMENT  MANAGEMENT 

Performance  models  are  used  in  two  distinct  contexts  as  a  part  of 
pavement  management,  depending  upon  the  pavement  management  level  in- 
volved.  At  the  project  level,  fairly  detailed  and  specific  models  are 
required  for  predicting  the  performance  expected  for  an  individual 
pavement  section.   At  the  network  level,  general  or  "average"  prediction 
models  are  required  to  provide  estimates  of  the  expected  performance  for 
a  typical  pavement  or  class  of  pavement.   Accordingly,  quite  distinct 
modeling  approaches  are  indicated  for  these  two  different  modeling  needs 
(Ref.  85)  l. 


Hudson,  W.R. ,  R.  Haas,  and  R.D.  Pedigo,  "Pavement  Management  System 
Development",  NCHRP  Report  No.  215,  Transportation  Research 
Board,  November  1979. 
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At  the  project  level,  considerable  information  will  be  available 
regarding  the  pavement  structure,  the  current  and  expected  traffic, 
current  and  past  distress  measurements,  deflections,  and  so  forth.   The 
prediction  model  used  must  be  able  to  predict  specific  values  for  the 
performance  of  the  given  section  in  an  accurate  and  reliable  fashion. 
Thus,  a  fairly  accurate  prediction  model  specific  to  the  individual 
conditions  appropriate  to  a  single  project  is  needed.   The  research 
effort  in  this  project  indicates  that  time  dependent  distress/service- 
ability relationships  of  this  type  are  extremely  difficult  to  derive. 
The  primary  reason  for  the  difficulty  lies  in  the  lack  of  adequate  data 
records  covering  a  sufficiently  long  time  period. 

However,  another  potentially  viable  approach  is  available  for 
project  level  modeling.   Such  an  approach  would  involve  predicting 
future  distress,  and  then  relating  distress  to  serviceability  in  a  time 
independent  model.   Distress  prediction  models  for  various  distress 
types  are  available,  and  have  been  discussed  and  evaluated  in  this 
report.   These  are  mechanistically  based  models,  and  they  require  a 
large  number  of  inputs  for  their  operation.   Such  models  will  therefore 
be  useless  at  the  network  level,  where  detailed  information  is  not 
available.   However,  at  the  project  level,  it  is  feasible  to  obtain 
sufficient  data  to  provide  input  to  one  or  more  of  these  mechanistic 
models.   The  output  would  be  a  prediction  of  one  or  more  future  distress 
levels.   It  then  only  remains  to  relate  these  future  distresses  to 
serviceability.   The  results  of  this  research  indicate  that,  given  the 
current  state  of  available  data,  it  is  in  fact  more  feasible  to  relate 
distress  to  serviceability  directly,  with  no  consideration  of  time  as  a 
variable. 

In  this  approach,  the  distress/serviceability  relationship  required 
at  the  project  level  is  time  independent.   Several  such  models  were 
developed  during  the  course  of  this  investigation,  although  none  of 
these  can  be  considered  widely  applicable  in  their  present  form.   It  is 
clear,  however,  that  the  models  developed  for  small  groups  of  similar 
pavements  are  more  reliable  than  those  developed  for  a  large  data  base. 
Therefore  it  seems  likely  that  by  carefully  selecting  several  classes  of 
similar  pavements,  one  could  produce  time  independent  distress/service- 
ability relationships  for  each  class  which  would  be  reliable  enough  for 
project  level  pavement  management  use.   Such  models  would,  of  necessity, 
be  very  limited  in  applicability;  that  is,  each  model  would  apply  to 
only  a  very  small  class  of  pavements ,  so  that  each  agency  would  require 
several  such  models  in  order  to  predict  performance  for  a  variety  of 
pavement  projects. 

For  network  level  applications,  such  an  approach  would  be  less 
viable.   The  mechanistic  distress  models  require  information  of  a  much 
too  detailed  character  for  network  level  applications.   Even  if  such 
data  were  available,  the  amount  of  time  required  for  such  analysis  at 
the  network  level  would  be  prohibitive.   On  the  other  hand,  the  results 
of  this  research  indicate  that  the  formulation  of  direct  time  dependent 
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distress/serviceability  relationships  is  probably  not  feasible  either  in 
the  absence  of  a  long-term  data  record.  Thus,  the  development  of  direct 
distress/serviceability  relationships  for  network  level  pavement  manage- 
ment is  not  likely  to  be  feasible  for  a  number  of  years. 

There  is,  however,  an  alternative  approach.   The  result  of  this 
project  indicates  that  Markovian  or  Bayesian  techniques  may  be  used  to 
develop  performance  prediction  models  which  utilize  distress/service- 
ability relationships  only  indirectly.   Since  only  an  average  perform- 
ance prediction  for  any  pavement  section  is  required  at  the  network 
level,  the  lack  of  adequate  data  is  not  as  troublesome  as  it  is  for 
project  level  modeling.   Bayesian  or  Markovian  techniques  are  particu- 
larly applicable  for  this  case,  and  in  fact  these  techniques  may  be 
implemented  in  situations  where  little  or  no  objective  data  are  avail- 
able. 

Such  a  network  level  performance  prediction  model  based  on  purely 
indirect  distress/serviceability  relationships  is  presented  in  the 
following  section. 


STOCHASTIC  SERVICEABILITY  DETERIORATION  MODEL  FOR  RIGID  PAVEMENTS 

During  the  course  of  this  investigation,  it  became  clear  that  the 
lack  of  adequate  data  would  have  a  great  impact  on  the  development  of 
distress/  performance  relationships  for  use  in  performance  prediction 
for  pavement  management.   Consequently,  project  staff  began  to  consider 
alternative  performance  prediction  methods  based  on  indirect  relation- 
ships between  distress  and  performance.   Modeling  efforts  based  on 
Markov  Processes  and  Bayesian  Analysis  were  undertaken.   These  techni- 
ques are  widely  discussed  in  the  literature  (Ref  s .  641  ,  652,  663,  67Lf)  , 
and  have  been  applied  in  several  areas  of  pavement  modeling  (Ref s .  68  , 


^Hillier,  F.S.  and  G.J.  Lieberman,  Introduction  to  Operations  Research, 
Holden-Day,  Inc.,  San  Francisco,  1967. 

^Martin,  J.J.,  Bayesian  Decision  Problems  and  Markov  Chains,  Wiley, 
New  York,  1967. 

3Martiz,  J.S.,  Empirical  Bayes  Methods,  Methuen  and  Co.,  Ltd.,  London, 
1970. 

Stark,  R.M.  and  R.L.  Nicholls,  Mathematical  Foundations  for  Design: 
Civil  Engineering  Systems,  McGraw  Hill,  New  York,  1972. 
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691,  702,  713). 

As  a  part  of  the  modeling  effort  discussed  in  Chapter  5,  service- 
ability histories  for  rigid  pavement  sections  from  loops  3,  4,  5,  and  6 
of  the  AASHO  Road  Test  were  examined.   It  was  observed  that  roughly 
seven  of  every  ten  sections  that  reached  terminal  serviceability  during 
the  Road  Test  exhibited  a  characteristic  serviceability  pattern:   a  long 
period  of  nearly  constant  serviceability  followed  by  a  precipitous  drop 
near  the  end  of  the  service  life.   This  pattern  is  evident  in  Figure 
57,  which  illustrates  serviceability  plotted  against  service  life  for 
twenty  of  the  rigid  pavement  sections  which  "failed"  during  the  Road 
Test.   "Service  Life"  is  defined  here  as  the  length  of  time  between  the 
beginning  of  the  test  and  the  time  at  which  a  particular  section  reached 
terminal  serviceability.   Thus,  the  service  life  scale  used  in  the 
figure  is  a  time  scale,  normalized  by  the  total  length  of  time  that  each 
pavement  section  was  in  service.   Another  way  of  saying  this  is  that 
time  is  reported  on  the  figure  as  a  fraction  of  the  total  service  life 
for  each  pavement  section. 

The  pattern  illustrated  in  Figure  57  was  found  for  pavement  sec- 
tions with  slab  thickness  ranging  from  2.5  inches  (6.4  cm.)  to  11  inches 
(28  cm.),  applied  axle  load  ranging  from  6  kip  (27  kN)  single  axles  to 
48  kip  (213  kN)  tandem  axles,  pumping  scores  ranging  from  500  to  60,000, 
and  a  similar  range  of  other  parameters.   Thus,  it  was  felt  that  this 
pattern  could  serve  as  the  basis  for  a  fairly  general,  widely-applicable 
performance  model. 

There  are  a  number  of  functional  forms  which  could  be  used  to 
reproduce  the  general  shape  illustrated  in  Figure  57.   In  the  hope  of 
obtaining  a  model  which  could  be  adapted  to  a  variety  of  pavement  types 
and  structures,  the  following  general  form  was  chosen  for  use  in  this 


5Smith,  W.S.,  F.N.  Finn,  C.  Saraf,  and  R.  Kulkarni,  "A  Bayesian  Approach 
Applied  to  Prediction  of  Pavement  Distress",  paper  presented  at  the 
Annual  Meeting  of  the  Transportation  Research  Board,  January  1978. 

^inn,  F.N.,  W.S.  Smith,  C.  Saraf,  and  R.  Kulkarni,  "Bayesian  Analysis 
Methodology  for  Verifying  Recommendations  to  Minimize  Asphalt 
Pavement  Distress",  Draft  Final  Report,  NCHRP  Project  9-4A,  January 
1978. 

2Karan,  M.A.,  Municipal  Pavement  Management  System,  Thesis,  University 
of  Waterloo,  1977. 

3Smith,  W.S.,  A  Flexible  Pavement  Maintenance  Management  System, 
Dissertation,  University  of  California,  Berkeley,  1974. 
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project: 


_  C2 

PSI  (t)  =  Cn  + 


1   ,,Mt/T  -«+!].., (18) 


where: 


PSI  (t)  =  average  predicted  serviceability  at  time  t, 

C.  ,  C_   =  constants,  determined  from  initial  and  terminal 

serviceabilities  , 
3       =  parameter,  presumably  dependent  upon  pavement  struc- 
ture, load,  and  environment,  that  determines  the  shape 
of  the  predicted  serviceability  history  curve, 
and   t       =  the  expected  service  life  of  the  pavement  (time,  in 

years,  from  beginning  of  traffic  to  terminal  service- 
ability) . 

By  adjusting  the  values  of  coefficients  x  and  3  Equation  18  can  be  made 
to  reproduce  the  shape  of  any  of  the  serviceability  patterns  for  flex- 
ible or  rigid  pavements  identified  in  Chapter  4.   The  values  chosen  here 
to  reproduce  the  behavior  of  Figure  56  are  shown  in  the  following  equation: 

6.0 


PSI  (t)  =  -1.5  + 


[e10(t/T  -1)     +1] (w) 


This  equation  is  plotted  as  the  solid  curve  in  Figure  58.   Notice  that 
the  parameter  t  need  not  be  specified  in  order  to  compute  serviceability 
at  any  fraction  of  the  expected  service  life.   However,  the  value  of  t 
must  be  fixed  in  order  to  translate  this  fraction  of  service  life  into 
actual  time  in  years. 

Equation  19  may  be  applied  directly  to  the  prediction  of  pavement 
performance  in  the  following  manner : 

1.  Chose  an  expected  service  life,  x,  for  the  pavement  or  the 
class  of  pavements  for  which  the  serviceability  is  to  be 
predicted.   This  will  provide  a  means  for  translating  between 
pavement  age  or  time  in  years  and  the  appropriate  fraction  of 
service  life  used  in  equation  19.   For  example,  the  design 
life  of  a  pavement  section  maybe  taken  as  an  estimate  of  its 
expected  service  life. 

2.  For  any  value  of  time,  t,  for  which  the  serviceability  is  to 
be  predicted,  calculate  the  fraction  of  service  life.   This  is 
done  by  dividing  the  time  t,  expressed  in  years  since  the 
section  was  opened  to  traffic,  by  the  service  life,  x,  expressed 
in  years . 

3.  Insert  the  calculated  value  of  fraction  of  service  life  (t/x) 
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into  Equation  19  and  compute  the  desired  serviceability.   Al- 
ternatively, enter  the  graph  of  Figure  58  at  the  calculated 
fraction  of  service  life,  and  proceed  vertically  until  the 
solid  line  is  encountered.   Then  proceed  horizontally  to 
intersect  the  PSI  axis.   The  point  of  intersection  is  pre- 
dicted serviceability  for  the  pavement  section. 

Of  course,  some  variability  is  observed  in  Figure  57  for  the  behavior 
of  individual  pavement  sections.   In  order  to  account  for  this,  a  stochas- 
tic feature  was  added  to  the  prediction  given  by  Equation  19.   In  this 
approach,  the  PSI  predicted  by  Equation  19  is  to  be  interpreted  as  a 
mean  serviceability  index  for  the  pavements  in  question.   Variations 
about  this  mean  are  incorporated  by  defining  an  artificial  variance  or 
standard  deviation.   Estimated  values  for  such  a  standard  deviation  were 
derived  from  the  magnitude  of  the  variation  observed  in  Figure  57.   These 
values  were  used  to  construct  the  dashed  lines  in  Figure  58,  which 
represent  the  mean  value  +  twice  the  artificial  standard  deviation. 
Using  these  dashed  curves,  step  3  above  may  be  repeated  to  obtain  esti- 
mates of  the  maximum  and  minimum  PSI  to  be  expected. 

There  are  a  number  of  problems  with  the  straightforward  application 
of  Equation  19  in  this  manner.   For  example,  major  maintenance  activities 
may  be  carried  out,  severe  environmental  conditions  may  be  encountered, 
traffic  levels  may  change  dramatically,  and  so  forth.   No  procedure  is 
given  for  incorporating  these  effects,  and,  in  addition,  no  information 
is  provided  regarding  exactly  how  likely  it  is  that  the  predicted  mean 
serviceability  will  be  achieved  or  that  the  actual  serviceability  will 
lie  between  the  two  dashed  curves  in  the  figure. 

In  order  to  address  some  of  these  problems,  the  predicted  service- 
ability history  of  Equation  19  and  Figure  58  was  incorporated  in  a 
Markovian  framework.   In  such  an  approach,  the  pavement  is  described  as 
being  in  certain  "state"  at  any  given  time,  and  the  probability  that 
pavement  will  undergo  a  transition  to  each  other  possible  state  within  a 
fixed  short  period  of  time  is  specified.   Such  a  model  is  conveniently 
expressed  in  Matrix  notation,  with  transition  probabilities  arrayed  in  a 
square  matrix,  and  possible  pavement  states  listed  in  a  single  column 
matrix.   In  this  example,  pavement  states  are  specified  in  terms  of 
pavement  serviceability,  but  other  significant  variables  may  be  incor- 
porated in  the  descriptions  of  pavement  states  (Refs.  70,  71). 

Twenty  possible  pavement  states,  or  serviceability  values,  were  se- 
lected for  use  in  this  example.   These  are  listed  in  Table  36.   Nominal 
serviceability  values  are  specified  for  each  state.   Once  these  states 
have  been  specified,  transition  probabilities  between  states  may  be 
calculated  using  Equation  19  and  Figure  58.   A  set  of  transition  pro- 
babilities which  effectively  reproduce  the  behavior  illustrated  in 
Figure  58  is  listed  in  Table  37.   In  developing  this  transition  matrix, 
the  time  interval  between  transitions  was  fixed  at  1/100  of  the  expected 
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Table  36     li§t  OF  POSSIBLE  PAVEMENT  SERVICEABILITY  STATES  FOR  MARKOV 
MODEL 


STATE  NOMINAL  PSI 

1  5.0 

2  4.9 

3  4.8 

4  4.7 

5  4.6 

6  4.5 

7  4.4 

8  4.3 

9  4.2 

10  4.0 

11  3.8 

12  3.6 

13  3.4 

14  3.2 

15  3.0 

16  2.7 

17  2.4 

18  2.1 

19  1.8 

20  1.5 
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service  life  of  the  pavement.   Thus,  for  a  service  life  of  20  years,  5 
transitions  per  year  are  incorporated  in  Table  37.   At  each  transition, 
the  pavement  may  remain  in  its  current  state  or  enter  another  state 
(improve  or  deteriorate) . 

Predictions  of  pavement  serviceability  are  carried  out  in  the 
following  manner:   First,  the  initial  state  of  the  pavement  is  speci- 
fied.  This  is  done  in  terms  of  the  probability  that  the  pavement  has  a 
specific  serviceability  level  at  the  initial  time.   If  the  pavement  is 
known  to  have  PSI  =  4.5  exactly,  then  the  probability  that  the  pavement 
exists  in  state  number  6  of  Table  36  is  1.0,  and  the  probabilities  for 
all  the  other  states  are  0.   However,  in  the  general  case,  the  service- 
ability of  the  pavement  can  be  specified  only  within  some  limit;  say  for 
example,  a  mean  serviceability  of  4.5,  with  standard  deviation  0.1.   The 
initial  state  specification  for  this  case  is  given  in  Table  38.   Such  a 
state  is  called  a  "mixed  state".   The  probability  values  in  this  case 
may  be  thought  of  as  expressing  the  likelihood  that  a  repeat  measurement 
of  PSI  would  yield  the  nominal  PSI  value  associated  with  each  state  in 
the  table. 

The  state  of  the  pavement  at  future  times  is  calculated  by  multi- 
plying the  initial  state  by  the  transition  matrix.   The  state  of  the 
pavement  after  one  transition  is  obtained  by  multiplying  the  initial 
state  by  the  transition  matrix  once.   For  two  transitions,  the  multipli- 
cation is  carried  out  twice,  and  so  forth.   In  this  example,  the  state 
of  the  pavement  at  the  mid-point  of  its  service  life  would  require  50 
such  multiplications.   Thus,  in  actual  practice,  it  might  be  advisable 
to  use  fewer  transition  per  year,  perform  the  calculations  on  a  computer, 
or  both. 

In  this  approach,  the  procedure  for  obtaining  predictions  for 
future  PSI  values  is  fixed:   multiply  the  existing  pavement  state  by  the 
transition  matrix.   However,  the  formalism  allows  modification  of  pave- 
ment states  and  transition  probabilities  to  account  for  such  effects  as 
resurfacing,  accelerated  pavement  distress,  increased  traffic,  and  so 
forth.   If  the  observed  state  of  the  pavement  is  found  to  differ  from 
the  predicted  state,  then  the  observed  state  may  be  substituted  into  the 
matrix  multiplication  process.   Such  a  difference  in  observation  and 
prediction  could  occur,  for  example,  if  the  pavement  were  resurfaced 
after,  say,  two- thirds  of  the  expected  service  life. 

Of  course,  resurfacing,  the  occurrence  of  accelerated  distress,  or 
dramatic  increase  in  traffic  volume  could  affect  the  expected  rate  of 
pavement  deterioration  as  well  as  the  current  state  of  the  pavement. 
These  effects  may  also  be  incorporated  in  this  formalism  by  adjusting 
the  transition  probabilities,  or  replacing  Table  37  with  a  transition 
matrix  calculated  on  the  basis  of  a  faster  or  slower  rate  of  deterio- 
ration.  Thus,  one  transition  matrix  could  be  specified  for  the  original 
pavement,  another  for  overlayed  pavements,  etc.   This  is  the  approach 
taken  in  Reference  71. 
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TABLE  38     INITIAL  STATE  SPECIFICATION  FOR  PSI  =4.5,  a   =  0.1 

STATE  NOMINAL  PSI  PROBABILITY 

1  5.0 

2  4.9  0 

3  4.8  0.006 

4  4.7  0.061 

5  4.6  0.241 

6  4.5  0.383 

7  4.4  0.241 

8  4.3  0.061 

9  4.2  0.007 

10  4.0  0 

11  3.8 

12  3.6 

13  3.4 

14  3.2 

15  3.0 

16  2.7 

17  2.4 

18  2.1 

19  1.8 

20  1.5 
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Of  course,  if  several  different  transition  matrices  are  required 
for  each  pavement  section  to  be  studied,  quite  a  large  number  of  calcu- 
lations would  be  required.   However,  the  behavior  illustrated  in  Figure 
57  indicates  that  a  wide  variety  of  pavements  may  be  represented  by  a 
single  matrix.   Thus,  an  agency  could  have  one  transition  matrix,  say, 
for  each  functional  class  of  new  pavement.   An  additional  matrix  could 
be  specified  for  each  functional  class  for  overlayed  pavements.   If  the 
agency  must  deal  with  pavements  in  widely  differing  environments,  then  a 
different  set  of  matrices  could  be  required  for  each  different  region. 
Thus,  there  is  a  reasonable  expectation  that  twenty  or  thirty  transition 
matrices  could  be  sufficient  to  provide  reasonable  serviceability  predic- 
tions for  most  or  all  of  the  pavements  for  which  an  agency  is  concerned. 
Such  predictions  would,  of  necessity,  represent  the  "average"  expected 
serviceability  pattern  for  the  pavement  functional  class,  environment, 
etc. ,  rather  than  the  best  estimates  for  an  individual  pavement  section. 
Hence,  such  an  approach  is  expected  to  be  most  useful  for  network  level 
pavement  management  applications. 


TOWARD  AN  OVERALL  MEASURE  OF  PAVEMENT  PERFORMANCE 

The  term  "performance",  as  applied  to  pavements,  has  come  to  mean 
an  accumulated  measure  of  pavement  serviceability  over  a  period  of  time 
or  accumulated  load.   However,  the  original  definition  of  pavement 
performance,  quoted  earlier  in  this  report,  is:   Performance  is  a  measure 
of  the  accumulated  service  provided  by  a  facility;  i.e.,  the  degree  to 
which  a  pavement  fulfills  its  purpose  (Ref .  1). 

Considerable  disagreement  was  found  among  project  staff,  advisory 
panel  members,  state  highway  department  engineers,  and  our  colleagues  in 
the  pavement  field,  as  to  whether  the  PSI  record  for  a  pavement  section 
represented  a  good  measure  of  its  performance.   Without  attempting  to 
resolve  whether  PSI  is  a  good  measure  of  serviceability,  or  whether  the 
roadway  user  should  be  the  final  judge  of  the  adequacy  of  the  pavement, 
consideration  is  given  here  to  the  need  for  an  overall  measure  of  adequacy 
or  performance  of  pavements. 

The  need  for  such  an  overall  performance  measure  is  most  evident  to 
agencies  that  have  begun  the  development  of  pavement  management  systems. 
Systematic  pavement  management  requires  that  comparison  be  made  among 
alternative  plans  of  action  in  order  to  determine  the  most  appropriate 
strategy  for  maintaining  and  rehabilitating  a  pavement  section  or  a 
pavement  network.   Such  comparisons  are  most  readily  carried  out  in 
terms  of  a  single  variable  or  "objective  function"  which  represents  the 
overall  performance  expected  under  each  plan  of  action.   If  it  necessary 
to  compare  several  variables  in  order  to  determine  the  adequacy  of  each 
plan  of  action,  the  procedure  for  selecting  the  most  desirable  strategy 
becomes  extremely  complex.   Some  engineers  and  highway  departments  are 
willing  to  accept  serviceability  as  the  objective  function  for  pavement 
management.   Others  feel  that  cracking,  deflections,  and  other  pavement 
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attributes  must  be  considered  when  evaluating  alternative  actions.   If 
several  factors  are  to  be  involved  in  the  comparison  of  alternative 
strategies,  then  a  method  of  combining  these  factors  into  a  single 
overall  performance  indicator  is  required  in  order  to  carry  out  such 
comparisons  efficiently  and  economically. 

Utility  Theory 

One  method  for  achieving  such  an  overall  performance  measure  involves 
the  application  of  utility  theory  (Refs.  5,  64,  67).   In  such  an  approach, 
numerical  values  from  0  to  1,  called  utilities,  are  assigned  to  each  of 
the  pavement  attributes  to  be  combined.   This  has  the  affect  of  putting 
all  of  the  pavement  attributes  on  the  same  scale,  so  that  they  may  be 
simply  combined.   Thus,  to  avoid  adding  apples  and  oranges,  one  converts 
both  apples  and  oranges  to  a  common  scale:  fruit.   The  combined  utility 
for  all  attributes  of  a  given  pavement  section  is  calculated  as  follows: 

n 

u(x)    =   E   k.u.(x.) (20) 

i=l   X  X     X 

where: 

uOx)    =  multiattribute  utility,  scaled  from  0  to  1. 

u.(x.)  =  individual  utility  for  the  ith  attribute,  x., 
i  I  i 

scaled  from  0  to  1. 

k.     =  scaling  constant  representing  the  relative  weight 

of  the  ith  attribute,  such  that  E  k.  =  1. 

i 

As  an  example  of  how  this  combined  utility  may  be  obtained,  suppose 
that  two  attributes,  serviceability  and  cracking,  are  to  be  combined. 
First  it  is  necessary  to  establish  individual  utility  functions  u.(x.) 
for  serviceability  (i=l)  and  cracking  (i=2) .   This  may  be  done  by  so- 
liciting expert  opinion  through  specific  interview  procedures  (Ref.  5). 
The  results  of  such  an  interview,  combined  with  required  analytical 
procedures,  would  produce  relationships  like  those  shown  in  Figure  59. 

In  Figure  59  the  assessors  have  indicated  that  significantly  greater 
benefits  are  achieved  by  going  from  PSI  to  1.0  (u  =0.25)  to  2.0  (u  =0.55) 
than  by  going  from  3.5  (u  =.85)  to  4.5  (u  =.97).   Thus,  the  decision 
maker  would  be  more  willing  to  spend  funds  to  improve  a  poor  pavement 
than  a  good  pavement.   This,  of  course,  is  obvious;  however,  the  tech- 
nique provides  a  means  by  which  such  questions  can  be  answered  numer- 
ically.  Similar  information  can  be  obtained  from  Figure  59  applicable 
to  cracking. 

Values  for  k  and  k  must  next  be  chosen  to  represent  the  relative 
impact  of  the  two  attributes.   This  may  also  be  done  through  personal 
assessment.   Suppose,  for  example,  that  the  values  k  =0.7  and  k  =  0.3 
are  established  in  this  manner.   Then,  using  Figure  59,  the  combined 
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Figure  59    Relationship  between  utility  value  and  cracking 
or  serviceability  for  example  problem 
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multi-attribute  utility  of  a  pavement  section  with  present  serviceabil- 
ity index  of  3.0  and  area  of  cracking  of  50  percent  would  be  obtained  as 
follows: 

PSI  =  3.0;  u  =  0.78 

Area  of  Cracking  =  50%;  u  =  0.25 

u  (x)  =  0.7  *  0.78  +0.3  *  0.25 
=  0.456  +  0.075 
=  0.621 

If  the  area  of  cracking  were  to  be  reduced  to  0  percent  the  combined  util- 
ity would  be  0.846;  0.546  for  serviceability  plus  0.3  for  cracking. 

The  utility  theory  approach  offers  several  advantages.   First,  any 
number  of  pavement  attributes  may  be  combined  in  such  a  fashion.   The 
resulting  multi-attribute  utility  always  has  a  value  between  0  and  1, 
making  further  rescaling  unnecessary.   The  numerical  value  of  the  multi- 
attribute  utility  may  be  loosely  interpreted  as  the  degree  to  which  a 
pavement  section  approaches  perfection,  expressed  as  a  decimal  fraction. 
Finally,  the  multi-attribute  utility  is  expressed  on  a  scale  which 
allows  differences  in  utilities  to  be  directly  compared  from  section  to 
section. 

The  principle  disadvantage  of  the  utility  theory  technique  is  that 
the  final  multi-attribute  utility  contains  no  information  regarding  the 
individual  attributes  from  which  it  was  constructed.   That  is,  many 
different  combinations  of  serviceability  level  and  extent  of  cracking 
could  lead  to  the  same  overall  utility.   Thus,  given  only  the  overall 
utility,  it  would  be  impossible  to  calculate  the  serviceability  or 
extent  of  cracking  for  the  pavement  section. 

Unique  Sums 

An  alternative  way  of  combining  pavement  attributes  is  offered  by 
the  method  of  unique  sums  (Ref .  72) 1.   In  this  approach,  pavement  attri- 
butes are  assigned  numerical  values  in  such  a  way  that,  when  these 
values  are  added  together,  the  sum  is  unique;  that  is,  given  only  the 
total,  it  is  possible  to  recover  the  specific  values  for  each  of  the 
individual  attributes  involved. 

Suppose  that  it  is  desired  to  combine  the  pavement  attributes  A 
(serviceability) ,  B  (cracking) ,  and  C  (rut  depth) .   A  fixed  number  of 
levels  is  first  established  for  each  of  these  attributes.   In  this 


Anderson,  Olle,  "Features  of  the  Swedish  Triennial  Road  Inventory 
System",  Bulletin  1979:10,  Department  of  Highway  Engineering, 
Royal  Institute  of  Technology,  Stockholm,  Sweden,  1979. 
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example,  four  levels  are  available  for  each  attribute.   For  convenience, 
these  are  labeled  as  levels  1  (excellent)  ,  2  (acceptable) ,  3  (marginal) , 
and  4  (unacceptable).   Thus,  for  attribute  A,  serviceability,  values 
from  PSI  =  3.6  to  5.0  could  be  assigned  to  level  1,  values  from  2.8  to 
3.5  to  level  2,  2.0  to  2.7  to  level  3,  and  1.9  or  below  to  level  4. 
Similar  categorizations  could  be  made  for  each  of  the  attributes. 

Once  this  has  been  done,  the  next  step  is  to  assign  numerical 
values  to  each  level  for  each  attribute.   These  values  must  be  chosen  in 
such  a  way  that  any  value  from  one  of  the  four  levels  of  attribute  A, 
plus  the  value  from  any  of  the  four  levels  from  attribute  B,  plus  the 
value  associated  with  any  of  the  four  levels  of  attribute  C  yields  a 
unique  answer.   A  set  of  numerical  values  which  produce  such  unique  sums 
can  be  found  in  Table  39. 

As  an  example  of  the  application  of  this  technique,  consider  a 
pavement  section  which  exhibits  level  2  of  attribute  A,  level  1  of 
attribute  B,  and  level  3  of  attribute  C.   Adding  together  the  corres- 
ponding values  shown  in  Table  39 ,  the  unique  sum  for  this  pavement  is 
18  +  17  +  15  =  50.   It  is  not  possible  to  generate  the  number  50  from 
any  other  combination  of  levels  for  attribute  A,  B,  and  C.   Thus,  given 
that  the  unique  sum  for  a  particular  pavement  is  50,  its  serviceability 
must  fall  in  level  2,  its  cracking  must  lie  in  level  1,  and  it  must  have 
level  3  rutting.   The  information  about  individual  pavement  attributes 
is  consequently  preserved  in  the  unique  sum,  and  can  be  reconstructed 
quite  easily  at  any  later  date. 

This  technique  can  in  principle  be  extended  to  include  any  number 
of  pavement  attributes  and  levels  for  each  attribute.   In  practice,  the 
numerical  values  required  for  a  large  number  of  levels  and  attributes 
can  become  quite  large.   This  can  be  seen  in  Table  40,  which  gives  a 
unique  sum  categorization  for  four  attributes  at  four  levels.   Of  course, 
decimals  or  fractions  may  be  used  to  limit  the  numerical  range. 

The  major  advantage  of  this  approach  is  the  preservation  of  infor- 
mation regarding  the  individual  pavement  attributes.   The  primary  dis- 
advantage is  that  the  numerical  value  of  the  unique  sum  is  reported  on  a 
highly  non-linear  scale.   Thus,  the  difference  between  unique  sums  of  40 
and  70  may  be  much  less  significant  than  the  difference  between  unique 
sums  of  90  and  100.   This  does  not  represent  a  serious  drawback  as  long 
as  only  rank  ordering  of  alternatives  is  involved.   If  it  is  necessary 
to  know  to  what  degree  the  condition  of  one  section  differs  from  that  of 
another,  this  disadvantage  could  be  very  significant.   For  many  network 
level  applications,  the  former  seems  to  be  the  case,  so  that  the  unique 
sum  technique  offers  considerable  promise  for  network  level  pavement 
management  applications. 
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TABLE  39   UNIQUE  SUM  CATEGORIZATION  FOR  THREE 

ATTRIBUTES  WITH  FOUR  LEVELS  (AFTER  REF.  72) 


Attribute              Level  Value 

A                   1  12 

2  18 

3  48 

4  80 

B                   1  17 

2  24 

3  55 

4  93 

C                   1  1 

2  5 

3  15 

4  20 
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TABLE  40   UNIQUE  SUM  CATEGORIZATION  FOR  FOUR 
ATTRIBUTE  WITH  FOUR  LEVELS 


Attribute  Level  Value 

A  1  5 

2  9 

3  13 

4  17 

B  1  1 

2  2 

3  3 

4  4 

C  1  18 

2  35 

3  52 

4  69 

D  1  70 

2  139 

3  208 

4  277 
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CHAPTER  7.   RECOMMENDATIONS 


The  concept  of  pavement  serviceability-performance  has  been  widely 
accepted  since  the  AASHO  Road  Test  and  its  development  by  Carey  and 
Irick  (Ref.  1).   The  results  of  the  AASHO  Road  Test  gave  an  extremely 
useful  empirical  relationship  for  relating  pavement  design  material 
properties  and  structural  thicknesses  to  pavement  performance.   In 
trying  to  apply  these  results  in  a  much  wider  variety  of  circumstances, 
significant  problems  have  arisen  with  regard  to  the  limited  basis  for 
the  empirical  equation.   For  example,  only  one  subgrade  was  used  and 
only  one  regional  or  environmental  factor  is  involved.   Nevertheless, 
the  AASHO  Road  Test  results  have  been  widely  used  for  the  past  twenty 
years  in  the  form  of  the  AASHTO  Interim  Pavement  Design  Guide  (Ref. 
73)  *  and  in  many  other  ways. 


SIGNIFICANT  PROBIEMS  ENCOUNTERED 

In  recent  years  a  strenuous  effort  has  been  made  to  model  pavement 
behavior  with  theoretical  or  more  widely  applicable  models.   As  outlined 
in  this  report,  these  include  fatigue  models  of  stress  and  strain, 
models  of  visco-elastic  behavior,  as  well  as  models  of  low  temperature 
and  other  environmental  behavior.   The  critical  step  in  the  application 
of  any  model,  however,  is  the  verification  of  the  model  with  experimental 
results.   There  have  been  no  major  new  experimental  results  developed  in 
the  pavement  behavior-serviceability-performance  area  since  the  AASHO 
Road  Test.   The  extensive  studies  described  in  this  report  have  pointed 
out  the  inadequacy  of  existing  field  pavement  observation. 

The  importance  of  relating  pavement  distress  to  a  performance  or 
failure  function  was  well  defined  in  the  special  TRB  conference  on 
structural  design  of  asphalt  concrete  pavement  systems  (Ref.  74) 2.   In 
summarizing  research  needs,  the  advisory  committee  pointed  out  that  the 
mechanistic  approach  to  pavement  design,  while  it  is  vital  to  extensions 
of  empirical  data,  can  at  best  yield  predictions  of  the  nature  and 
extent  of  pavement  distress  (e.g.,  the  extent  of  rutting,  cracking, 
faulting,  spalling,  etc.).   The  committee  pointed  out  the  urgent  need 
for  relating  distress  to  the  functional  performance  of  the  pavement  and 
if  possible  the  need  to  develop  an  ultimate  failure  prediction  model. 

It  was  recommended  that  the  only  feasible  way  to  relate  distress  to 


1 AASHTO  Interim  Guide  for  Design  of  Pavement  Structures,  1972,  American 
Association  of  State  Highway  and  Transportation  Officials,  1974. 

2Special  Report  126,  Transportation  Research  Board,  Structural  Design 
of  Asphalt  Concrete  Pavement  Systems,  Washington,  D.C.,  1971. 
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performance  was  through  a  statistical  analysis  of  serviceability-per- 
formance information  and  objective  distress  predictions  or  evaluations. 
The  committee  suggested  that  such  an  analysis  was  required  to  (a)  define 
important  distress  factors  involved  in  pavement  nonserviceability  and 
failure,  (b)  establish  suitable  weighting  functions  to  judge  the  rela- 
tive importance  of  the  various  levels  of  combined  distress  modes,  (c) 
identify  suitable  limiting  levels  of  distress  occurring  separately  or  in 
combination,  and  (d)  develop  or  adapt  suitable  measures  of  performance 
or  serviceability. 

In  his  excellent  paper  in  Reference  74,  Dr.  Karl  Pister  points  out 
that  "...in  the  present  milieu  of  rapid  change,  experience  quickly 
becomes  obsolete  or  is  often  totally  lacking. . .thus  it  is  important  to 
have  a  'theory'  of  pavement  design".   Dr.  Pister  also  pointed  out  that 
"it  seems  to  me  that  the  existence  of  a  rational  method  of  design  has  to 
be  established  a  posteriori;  i.e.,  it  is  the  task  of  the  engineer  to 
observe,  acquire  and  organize  information  and  experience  obtained  from 
operational  physical  systems". 

It  was  also  clearly  pointed  out  in  the  summary  of  research  needs  by 
the  advisory  committee  to  the  conference  (Ref .  74)  that  the  design,  be- 
havior and  performance  of  pavement  structures  was  basically  a  stochastic 
process,  because  the  pavement  system  response  reflects  the  statistical 
variations  in  the  input  variables  (such  as  load,  environment,  pavement 
geometry,  and  material  properties,  including  the  effects  of  construction 
and  testing  variability) . 

Pavement  Condition  Variables 

These  two  major  areas  of  concern  treated  in  1970  reflect  directly 
the  findings  of  our  current  project.   Strenuous  effort  has  been  made  in 
this  research  to  seek  out  the  available  data  on  pavement  distress  and 
performance  in  a  sincere  attempt  to  relate  these  factors  for  a  variety 
of  real  world  conditions.   As  pointed  out  in  the  results,  the  available 
data  bases  are  inadequate  for  this  purpose  for  several  reasons.   In  many 
cases  it  is  clear  that  the  complexity  of  the  models  for  predicting 
distress  require  significant  input  parameters  which  have  not  been  collected 
as  part  of  previously  planned  pavement  information  data  banks.   This 
should  not  be  surprising  to  practicing  engineers,  although  there  seems 
to  be  a  strong  tendency  to  expect  that  currently  available  data  would  be 
appropriate  to  develop  and  verify  models  for  relating  distress  to  per- 
formance. 

This  situation  is  obviously  aggravated  by  the  second  major  factor 
discussed  above:   the  natural  statistical  variation  present  in  the 
pavement  system.   As  pointed  out  in  this  report,  these  statistical 
variations  undoubtedly  greatly  affect  the  data  which  have  been  made 
available  to  us.   In  the  face  of  the  large  amount  of  statistical  var- 
iation observable  in  the  field  it  has  not  been  possible  to  predict 
direct  pavement  distress-performance  relationships. 
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It  is  clear  from  the  work  in  this  project  that  the  required  distress- 
performance  relationships  can  come  in  the  scientific  way  from  one  of  two 
approaches : 

(a)  Improve  the  quality  of  individual  observations  so  that  a 
minimum  number  of  observations  accurately  taken  will  provide 
statistically  and  mechanistically  significant  results. 

(b)  Take  a  significant  and  sufficient  amount  of  data  such  that  the 
overall  variability  is  overcome  by  the  quantity  of  data  and 
that  statistically  significant  results  can  be  developed. 

Finally,  it  appears  that  it  will  be  necessary  that  a  more  precise 
statement  about  data  required,  sampling  and  measurement  procedures,  and 
the  extent  and  time  base  of  the  relationships  must  be  established  expli- 
citly if  meaningful  results  are  to  be  obtained.   Too  often  in  the  past, 
data  taken  for  one  specific  purpose  have  been  expected  at  a  later  date 
to  fulfill  other  widely  different  needs .   While  in  some  cases  this 
approach  works  satisfactorily,  in  the  case  of  pavement  observations 
there  is  little  evidence  to  suggest  potential  success  in  this  approach. 

Time  Effects 

The  other  major  problem  associated  with  the  development  of  mean- 
ingful distress-performance  relationships  is  the  time  factor.   While  at 
the  AASHO  Road  Test  a  total  of  more  than  1,100,000  heavy  axle  loads  were 
applied  on  the  various  pavement  loops ,  only  two  annual  environmental 
cycles  were  suffered  by  these  pavements.   The  interaction  of  environment 
and  load  appears  to  be  much  more  significant  than  can  be  accounted  for 
at  the  AASHO  Road  Test.   Furthermore,  the  form  of  the  serviceability 
history  models  appears  to  indicate  that  the  models  themselves  are  very 
nonlinear  and  that  break  points  or  trends  of  the  curves  cannot  be  easily 
established  with  a  short  time  frame.   This  effect  is  aggravated  by  the 
variability  of  the  problem.   For  example,  a  large  portion  of  the  service- 
ability-performance data  reported  and  examined  herein  exhibit  trends 
showing  improving  serviceability  for  a  portion  of  the  pavement  history, 
in  some  cases  over  time  frames  of  five  or  six  years.   This  time  effect 
factor  can  only  be  treated  with  the  continued  and  conscientious  obser- 
vation of  field  serviceability  and  performance  for  periods  of  ten  or 
more  years;  however,  considerable  insight  into  these  trends  can  be 
gained  through  accelerated  pavement  testing.   The  Federal  Highway  Admin- 
istration currently  has  under  development  an  experimental  accelerated 
pavement  testing  facility  called  APTS .   Properly  combined  with  field 
observations  of  pavements  such  that  long  term  time  and  environmental 
effects  can  properly  be  accounted  for,  such  an  accelerated  testing 
program  may  prove  to  be  beneficial. 

Serviceability  or  Roughness  Measurements  and  Calibrations 

A  final  factor  affecting  the  problem  of  relating  distress  to  perform- 
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ance  is  the  quality  of  serviceability  or  roughness  measurements.   In  any 
relationship  the  precision  and  accuracy  of  the  factors  being  related  on 
both  sides  of  the  equation  are  vitally  important.   In  the  case  of  relating 
distress  to  serviceability-performance  a  major  problem  exists  with  the 
time  stability  of  roughness  measurements  which  are  used  in  most  cases  to 
define  serviceability-performance . 

Significant  studies  by  Hudson,  Haas,  Roberts  and  others  (Refs.  751, 
762,  773,  78\  795)  ,  have  pointed  out  the  difficulty  in  maintaining  a 
stable  calibration  of  pavement  roughness  measuring  devices.   The  many 
factors  related  to  the  reaction  of  a  pavement  roughness  device  include 
all  the  dynamic  aspects  of  the  measuring  vehicle  as  well  as  the  rough- 
ness characteristics  of  the  road  surface.   It  is  essential  to  maintain  a 
stable  roughness  time  base  over  a  time  frame  of  at  least  ten  years, 
otherwise  any  variability  in  the  roughness  device  is  expressed  as  varia- 
tion in  the  serviceability  of  the  pavements  being  observed.   In  the  data 
taken  to  date  this  variability  of  roughness  measurement  has  caused 
significant  loss  of  predicting  capability  in  the  overall  equations. 
While  the  technology  exists  to  solve  this  measurement  problem,  the  costs 
appear  to  be  relatively  high.   In  the  transportation  field,  where, 
traditionally,  relatively  inexpensive  equipment  has  been  utilized,  the 
seemingly  high  cost  of  calibrating   roughness  equipment  is  not  well 
received.   Nevertheless,  in  order  to  solve  this  problem,  calibratable 
roughness  equipment  is  essential.   There  does  exist  a  significant  piece 
of  equipment,  the  General  Motors  Surface  Dynamics  Road  Prof ilometer , 
which  can  be  used  both  to  measure  highway  roughness  and  serviceability, 


■■■Roberts,  F.L.  and  W.R.  Hudson,  "Pavement  Serviceability  Equations 

Using  the  Surface  Dynamics  Prof ilometer" ,  Research  Report  73-3, 
Center  for  Highway  Research,  University  of  Texas,  1970. 

2Haas,  R. ,  "Surface  Evaluation  of  Pavements:   State-of-tha-Art",  A 
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but  more  importantly,  to  calibrate  other  less  expensive  instruments. 
The  cost  of  such  quality  roughness  measurements  is  small  when  counted 
against  the  benefits  of  providing  an  adequate  data  base  of  pavement 
serviceability  and  performance  history  for  improved  pavement  models  and 
thus  improved  overall  pavement  quality. 

Overall  Performance  Concepts 

The  Carey-Irick  definition  of  pavement  performance  is  used  through- 
out this  report  and  has  come  to  be  accepted  by  most  groups  as  the  stan- 
dard for  pavement  performance  discussions.   No  attempt  has  been  made  in 
this  study  to  change  this  definition  since  the  problem  statement  and  the 
problem  of  relating  distress  to  performance  has  been  well  defined  since 
the  FHWA  workshop  in  Austin,  Texas,  in  1970  (Ref .  74)  and  in  subsequent 
Transportation  Research  Board  task  force  activities.   However,  research 
since  1973  and  the  data  collected  and  described  in  this  report  show  an 
additional  need  to  define  pavement  performance  more  broadly.   No  specific 
titles  have  been  put  forth  but  the  concept  of  "Overall  Performance"  must 
be  considered  in  future  research.   Such  an  "Overall  Performance"  function 
or  OP  Function  could  define  in  a  more  complete  way  the  various  output 
parameters  which  are  important  in  defining  the  system  output  function  of 
pavement  management.   In  such  an  OP  Function,  consideration  would  be 
given  to  riding  quality  (the  factor  most  completely  evaluated  by  service- 
ability), safety  or  skid  resistance,  pavement  condition,  maintenance 
cost,  and  other  factors. 

The  need  for  this  "Overall  Performance"  function  is  highlighted  by 
the  inability  of  the  serviceability-performance  concept  to  account  ade- 
quately for  safety  due  to  skid  resistance,  or  excessive  rut  depths. 
This  need  is  also  emphasized  by  the  number  of  cases  observed  in  practice 
where  the  pavement  serviceability  history  does  not  appear  to  deteriorate 
with  time  in  the  same  fashion  that  was  observed  at  the  AASHO  Road  Test. 
The  deterioration  rate  rather  seems  to  be  heavily  dependent  upon  the 
maintenance  budget  and  the  maintenance  characteristics  performed  upon 
the  pavement  sections  under  observation.   Careful  consideration  indi- 
cates this  may  not  be  an  unexpected  situation  since  little  or  no  main- 
tenance was  performed  during  the  two  years  of  the  AASHO  Road  Test  on  the 
pavement  sections  and  yet  generally  good  maintenance  is  performed,  for 
example,  on  the  Interstate  Highway  System. 

This  concern  for  an  "Overall  Performance"  function  is  also  high- 
lighted by  the  fact  that  most  highway  agencies  feel  that  heavy  duty 
highways  and  freeways  such  as  the  Interstate  Highway  System  and  parti- 
cularly the  Urban  Interstate  System  cannot  be  allowed  to  deteriorate 
below  serviceability  levels  of  3.0  or  even  3.5  in  some  opinions. 
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As  stated,  no  specific  treatment  is  made  of  this  fact  within  this 
study,  however,  the  authors  feel  strongly  that  the  matter  should  be 
considered  in  additional  studies  subsequently. 


RECOMMENDATIONS 

For  the  past  several  years  a  significant  trend  has  been  evident 
which  can  provide  an  important  solution  to  the  problem  at  hand.   This 
involves  the  implementation  of  pavement  management  systems  in  a  number 
of  state  highway  departments.   A  part  of  any  such  pavement  management 
system  is  a  significant,  long-term  data  base  of  pavement  condition 
values  and  performance  observations.   These  observations  are  made  for 
the  explicit  reason  of  relating  pavement  serviceability-performance  to 
the  pavement  management  models  and  cost  functions.   Thus,  there  is  high 
probability  that  the  data  wil  be  taken  for  a  long  period  of  time,  and 
taken  in  a  more  appropriate  manner  than  may  have  previously  been  the 
case.   It  is  essential,  however,  that  close  attention  be  given  to  the 
calibration  of  such  observations  over  a  long  period  of  time  if  the 
problem  is  to  be  solved.   The  more  extensive  use  of  the  Surface  Dynamic 
Road  Profilometer  for  calibration  is  encouraged,  since  no  other  proven 
technology  for  calibrated  roughness  measurements  exists  at  the  present 
time.   Experience  has  shown  that  a  period  of  at  least  3-5  years  is 
required  for  a  new  technology  to  be  proven  and  put  into  service. 

The  combination  of  these  high  quality  long-term  observations  of 
pavement  serviceability  performance  along  with  the  appropriate  input 
variables  and  pavement  distress  observations  can  be  used  in  conjunction 
with  accelerated  pavement  testing  to  be  carried  out  by  the  Federal 
Highway  Administration  to  provide  the  missing  link  of  distress-perfor- 
mance relationships  which  is  so  vital  to  closing  the  loop  in  pavement 
modeling  and  management  equations. 

With  regard  to  these  important  areas  of  concern,  a  series  of  research 
problem  statements  are  outlined  below. 

Research  Problem  Statement  1.   Pavement  Performance  Models  Using 
Combined  Data  from  Accelerated  Pavement  Testing  and  Long-Term 
Field  Performance  Observations 

Conscientious  observations  of  existing  pavement  performance  are  essen- 
tial in  order  to  develop  reliable  pavement  performance  relationships  for  a 
variety  of  environmental  traffic  and  material  conditions  over  the  entire 
United  States,  and  to  relate  pavement  performance  to  significant  factors 
such  as  pavement  distress,  environment,  traffic  loading,  and  maintenance 
practices.   The  Federal  Highway  Administration  is  developing  an  accelerated 
pavement  testing  system  which  potentially  can  be  used  to  develop  data 
related  to  the  performance  of  new  pavement  materials  and  design  systems. 
It  is  proposed  that  a  combined  approach  be  carried  out,  beginning  as 
soon  as  possible,  to  collect  significant  information  on  the  performance 
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of  pavement  materials  under  a  variety  of  traffic  and  environmental 
conditions,  and  that  this  include  observations  of  pavement  performance 
in  the  field  under  existing  conditons  and  under  accelerated  testing 
conditions. 

Field  conditions  should  include  observations  of  already  existing 
pavement  sections  as  well  as  any  experimental  or  special  sections  which 
are  constructed  as  a  result  of  innovative  materials,  construction  or 
design  techniques.   Thus,  in  the  final  analysis  it  will  be  essential  to 
combine:  a)  the  results  of  accelerated  testing  procedures,  b)  the  results 
of  long  term  observations  of  existing  pavements,  and,  c)  the  specialized 
field  observation  of  test  sections  or  experimental  sections  to  develop 
the  overall  methodologies  and  models  which  will  be  needed  for  the  management 
of  the  nation's  pavements  in  the  future. 

This  research  project  is  extremely  urgent  since  the  absence  of  ra- 
tional pavement  performance  models  is  hampering  the  developing  of  improved 
pavement  design  and  performance  data  throughout  the  United  States  at  the 
present  time.   It  is  thus  urged  that  conscientious  field  observations 
begin  at  the  earliest  possible  date  in  as  many  states  as  possible  and 
that  the  accelerated  pavement  testing  program  of  the  Federal  Highway 
Administration  be  coordinated  with  this  data  collection  operation. 

Also,  it  is  extremely  important  that  the  experimental  testing  in 
the  accelerated  pavement  program  be  carried  out  through  a  well-designed 
experiment  in  order  to  provide  statistically  complete  data  that  can  be 
used  for  future  performance  predictions.   Significant  resources  and 
time  can  be  wasted  unless  satisfactory  statistical  relationships  are 
employed  in  the  accelerated  pavement  experiment  design. 

Research  Problem  Statement  2.   Long  Term  Pavement  Observations 
for  Pavement  Management  Systems 

As  outlined  above,  significant  strides  have  been  made  in  the  collec- 
tion of  pavement  serviceability  and  distress  data  as  part  of  pavement 
management  systems  being  implemented  in  a  number  of  state  departments  of 
transportation.   It's  essential  that  closer  attention  be  given  to  this 
important  aspect  of  the  pavement  management  system  and  that  essential 
guidelines  for  data  to  be  taken,  sampling  frequencies,  time  histories  of 
sampling,  and  quality  of  data  measurement,  be  provided  to  ensure  that 
the  data  being  taken  will  be  valuable  ten  years  hence.   The  adequacy  and 
accuracy  of  such  data  are  important  stumbling  blocks  in  the  implementa- 
tion of  pavement  management  systems.   Each  state  can,  of  course,  develop 
an  independent  pavement  management  system.   However,  in  order  to  provide 
the  greatest  potential  for  the  use  of  models  based  on  accelerated  pave- 
ment testing  and  field  observation  throughout  the  nation,  some  standardiza- 
tion of  pavement  distress,  maintenance  and  performance  measures  is 
desirable.   Attention  now  to  the  use  of  standard  units  for  measuring 
pavement  condition  variables  and  standard  procedures  for  roughness 
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measurement  or  serviceability  rating  by  panels  can  assure  that  long  term 
data  records  kept  by  the  individual  states  are  mutually  compatible  and 
complimentary.   This  will  greatly  increase  the  potential  for  effective 
performance  model  development  and  verification,  to  the  benefit  of  all 
concerned. 

Problem  Statement  3.   Improved  Serviceability  Measurements  and 
Roughness  Calibration  Technique 

It's  essential  that  pavement  roughness  measuring  techniques  and 
serviceability-performance  prediction  techniques  be  improved  and  applied 
as  part  of  the  long  term  observations  of  pavement  serviceability. 
Significant  research  in  Texas,  at  the  Center  for  Highway  Research  (Refs. 
75,  77,  801,  812) ,  have  clearly  shown  that  the  Surface  Dynamic  Profilo- 
meter  can  be  used  as  a  high  quality  pavement  serviceability  measuring 
device,  and  that  it  can  also  serve  as  a  calibrating  device  for  less 
costly  roughness  measuring  equipment  such  as  the  PCA  meter  and  the  Mays 
Meter.   This  technique  has  also  been  used  on  a  multi-million  dollar 
pavement  research  project  carried  out  in  Brazil  (Refs.  823,  834)  .   If 
the  problem  of  relating  distress  to  performance  is  to  be  solved,  it  is 
essential  that  known  technology  in  pavement  roughness  measurement  be 
implemented  and  that  additional  research  be  initiated  to  continue  devel- 
opment of  non-contact  probes  and  other  high  quality  roughness  measuring 
equipment. 
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A  possible  alternative  approach  to  improved  serviceability  measure- 
ment would  involve  development  of  more  reliable  and  efficient  panel 
rating  procedures.   New  York  has  taken  the  lead  in  this  area,  and  has 
developed  a  procedure  which  offers  a  definite  improvement  over  tradi- 
tional techniques  (Refs.  44,  841,  85).   The  widespread  implementation  of 
reliable,  standard  panel  rating  techniques  could  provide  a  supplement  or 
substitute  for  improved  roughness  measurement  procedures. 

Problem  Statement  4.   Coordination  of  Activities  Over  a  Range 
of  Environment,  Load,  Materials  and  Other  Factors 

As  pointed  out  in  this  report  there  is  a  large  variability  in  many  of 
the  factors  associated  with  pavement  serviceability  and  distress  observa- 
tions.  In  order  to  overcome  this  Irick  and  Hudson  in  NCHRP  Reports  2  and 
2a  (Refs.  862,  873)  ,  pointed  out  the  desirability  of  careful  observa- 
tions of  selected  pavement  sections  on  the  highway  network.   These  are 
either  to  be  specially  constructed  or  carefully  selected  from  existing 
pavements  to  yield  high  quality  data.   Furthermore,  it  was  suggested 
that  these  pavements  be  selected  over  a  wide  range  of  conditions .   For 
example,  to  investigate  environment,  pavements  would  be  selected  in 
Florida  as  one  extreme  and  Minnesota  as  another  extreme.   Louisiana  and 
Arizona,  for  example,  could  serve  as  extremes  for  rainfall.   By  observing 
factors  and  results  over  extreme  ranges  of  parameters,  it  is  statisti- 
cally much  easier  to  define  significant  results  and  thus  to  build  useful 
models.   Thus,  there  is  significant  benefit  in  coordination  of  a  program 
of  pavement  observation  among  many  of  the  states  under  the  auspices  of 
the  Federal  Highway  Administration  or  the  National  Cooperative  Highway 
Research  Program.   If  such  observations  are  coupled  with  the  implemen- 
tation of  pavement  management  systems,  then  the  benefits  and  value  of 
cooperation  become  even  more  apparent  since  improved  pavement  management 
and  data  bases  are  important  to  all  of  the  states  involved. 
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SUMMARY 

The  pavement  distress/performance  problem  is  quite  complex,  and  has 
clearly  not  been  fully  resolved  by  this  research  effort.   Nevertheless, 
some  progress  in  this  important  area  has  been  made.   Specific  distress 
types  believed  to  have  the  most  significant  influence  on  pavement  per- 
formance have  been  selected,  typical  distress  and  serviceability  history 
patterns  have  been  identified,  and  existing  mechanistic  models  for 
distress  prediction  have  been  evaluated.   A  theoretical  basis  for  the 
development  for  pavement  distress  has  been  formulated  for  each  selected 
important  distress  type.   Several  time-independent  and  time-dependent 
distress/  serviceability  equations  have  been  developed  on  the  basis  of 
data  collected  from  state  transportation  agencies,  special  research 
studies  and  published  reports,  as  well  as  subjective  data. 

Some  significant  problems  were  encountered,  especially  with  regard 
to  the  adequacy  of  the  available  data.   The  development  of  good  models 
requires  carefully  recorded  data  of  a  type  and  extent  not  generally 
required  of  data  collected  for  routine  monitoring  or  other  purposes. 
Hence,  data  from  special  research  studies  were  found  to  be  most  useful 
in  this  project.   Specific  data  requirements  for  performance  modeling 
have  been  set  forth  herein,  along  with  a  designed  experiment  approach 
for  obtaining  such  data. 

The  primary  applications  of  this  research  will  most  likely  involve 
pavement  management.   Consequently,  performance  model  requirements  for 
pavement  management  have  been  discussed,  along  with  the  need  for  an 
overall  measure  of  pavement  performance.   Two  methods  for  achieving  such 
an  overall  performance  variable  are  presented,  and  examples  of  each  are 
provided. 

Because  of  the  problems  discussed  herein,  attempts  to  develop  equa- 
tions expressing  direct  relationships  between  distress  and  serviceability 
met  with  limited  success.   The  regression  equations  presented  in  this 
report  are  therefore  not  considered  suitable  for  immediate  use  by  state 
agencies  in  pavement  management.   The  findings  of  this  research  indicate 
that  agencies  desiring  to  use  direct  modeling  of  distress/performance 
relationships  should  consider  the  possibility  of  using  separate  equations 
for  each  pavement  section. 

Finally,  several  problem  statements  have  been  provided  to  address 
key  areas  for  future  research  in  this  field.   The  major  thrust  of  these 
problem  statements  is  directed  toward  the  acquisition  of  better  data 
bases,  both  for  modeling  and  management  purposes.   An  indirect  approach 
to  the  use  of  distress/performance  relationships  in  performance  modeling 
for  pavement  management  has  also  been  suggested.   An  example  of  the 
application  of  Markovian  techniques  in  this  approach  is  provided.   The 
primary  requirement  for  such  modeling,  however,  is  that  recursive  or 
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self-modifying  methods  be  involved;  the  specific  mathematical  formalism 
to  be  used  will  depend  upon  the  particular  application.   Of  course,  more 
direct  modeling  based  upon  reliable  objective  data  is  to  be  desired. 
However,  since  the  collection  of  quality  research  data,  as  outlined  in 
this  chapter,  will  require  an  appreciable  amount  of  time,  it  is  likely 
that  performance  predictions  based  on  recursive  or  self-modifying  tech- 
niques will  offer  the  greatest  promise  for  reliable  performance  predic- 
tion for  the  next  several  years . 
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APPENDIX  A 
DEFINITION  OF  TERMS 


The  following  definitions  of  terms  relating  to  pavement  distress 
and  performance  were  selected  as  appropriate  for  this  study.   These 
definitions  follow  those  used  in  several  previous  investigations  (Refs. 
18,  19,  20) . 

1.  Distress  is  a  condition  of  a  pavement  structure  which  reduces 
serviceability  or  leads  to  a  reduction  of  serviceability. 

2.  Distress  Manifestations  are  the  visible  consequences  of  various 
distress  mechanisms,  which  usually  lead  to  a  reduction  in  ser- 
viceability. 

3.  A  Distress  Mechanism  is  the  physical  or  chemical  process 
involved  in  or  responsible  for  distress  in  pavements. 

4.  Response  is  the  reaction  of  a  pavement  structure  to  load  and 
environment. 

5.  Primary  Responses  are  those  responses  which,  when  carried  past 
some  limiting  value,  initiate  distress. 

6.  Other  Responses  are  those  responses  which  do  not  contribute 
directly  to  distress. 

7.  A  Response  Mechanism  is  the  physical  or  chemical  process  re- 
sponsible for  the  response  of  a  pavement  structure. 

8.  Serviceability  is  the  ability  of  a  specific  section  of  pave- 
ment to  serve  traffic  in  its  existing  condition. 

9.  Serviceability  Index  is  a  numerical  estimate  of  serviceability 
based  on  pavement  roughness. 

10.  Serviceability  History  is  a  representation  of  the  service- 
ability of  a  pavement  over  a  period  of  time.   Serviceability 
history  is  sometimes  termed  "performance",  and  is  generally 
given  by  serviceability  index  as  a  function  of  time  or  accu- 
mulated load. 

11.  Performance  is  a  measure  of  accumulated  service  provided  by  a 
facility;  i.e.,  the  degree  to  which  a  pavement  fulfills  its 
purpose. 

12.  Fracture  is  the  state  of  a  pavement  material  being  broken. 
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13.  Distortion  is  a  permanent  change  in  the  shape  of  the  pavement 
or  pavement  component. 

14.  Disintegration  is  the  state  of  being  decomposed  or  abraded 
into  constitutive  elements. 

15.  Bleeding  is  the  condition  of  free  bitumen  on  the  surface  of 
the  pavement  due  to  excessive  bitumen  and/or  insufficient  void 
space. 

16.  Reflection  Cracks  are  cracks  occurring  in  the  surface  course 

of  a  pavement  that  coincide  with  and  are  caused  by  the  relative 
movement  of  cracks  or  joints  in  underlying  layers. 

17.  Low- Temperature  Cracks  are  cracks  (generally  transverse) 
caused  when  tensile  stresses  induced  by  frictional  resistance 
of  the  underlying  layer  to  thermal  contraction  of  the  surface 
layer  exceeds  the  tensile  strength  of  the  surface  material. 

18.  Raveling  is  the  progressive  disintegration  of  an  asphalt 
concrete  layer  from  the  surface  downward  by  the  dislodgement 
of  aggregate  particles.   This  may  be  caused  by  insufficient 
amount  of  binder  in  the  mix,  hardening  of  the  asphalt  binder, 
wet  or  dirty  aggregate  or  aggregate  with  smooth  surface  texture, 

19.  Ruts  are  longitudinal  depressions  that  form  in  the  wheel  paths 
of  flexible  or  composite  pavements,  resulting  from  compaction 
or  lateral  migration  of  one  or  more  of  the  pavement  layer 
materials  under  the  action  of  traffic  and  environment. 

20.  Reduced  Skid  Resistance  is  the  reduction  of  frictional  resis- 
tance between  tires  and  a  pavement  surface.   This  reduction  is 
generally  due  to  abrasive  wear  of  aggregates  by  traffic. 

21.  Shrinkage  Cracks  are  generally  transverse  cracks  caused  when 
tensile  stresses  induced  by  frictional  resistance  of  the 
underlying  layer  to  drying  contraction  of  the  surface  layer 
exceeds  the  tensile  strength  of  the  surface  material.   These 
cracks  generally  occur  in  portland  cement  concrete  and  other 
cement  treated  materials. 

22.  Spalling  is  cracking,  breaking,  or  chipping  of  a  rigid  pave- 
ment along  joints,  edges,  or  cracks  in  which  small  portions  of 
the  slab  are  dislodged. 

23.  Faulting  is  a  difference  in  the  elevation  of  two  adjacent 
rigid  slabs  at  the  joint  or  crack  interface  due  to  consolida- 
tion or  swelling  of  underlying  material,  inadequate  load 
transfer,  or  pumping. 
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24.  "D"  Cracking  is  a  series  of  fine,  crescent-shaped  hairline 
cracks  in  a  rigid  slab  surface,  usually  paralleling  a  joint  or 
major  crack. 

25.  Steel  Rupture  is  the  occurrence  of  a  tensile  fracture  failure 
in  the  reinforcing  steel  when  excessive  stress  is  transferred 
upon  fracture  of  adjacent  concrete. 

26.  Polished  Aggregates  are  surface  aggregate  particles  having 
smooth,  rounded  surfaces  with  fine  microtexture,  either  as 
original  condition  or  after  abrasive  wear  by  traffic. 

27.  Punchouts  are  blocks  of  rigid  pavement  that  are  cracked  around 
their  periphery  and  displaced  downward  relative  to  the  rest  of 
the  slab.   Punchouts  usually  occur  between  closely-spaced 
transverse  cracks  that  are  subsequently  connected  by  longitud- 
inal cracks. 

28.  Fatigue  Cracks  are  cracks  in  a  pavement  layer  caused  by  the 
combination  of  repetitive  strains  and  apparent  reduction  of 
tensile  strength  due  to  fatiguing  of  the  layer  material.   The 
repetitive  strains  causing  fatigue  are  usually  caused  by  pass- 
ing wheel  loads,  but  may  include  repetitive  thermally-induced 
or  other  strains. 
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APPENDIX  B 
SELECTION  OF  PAVEMENT  DISTRESS  TYPES  FOR  FURTHER  STUDY 


Tables  41  through  53  give  distress  manifestations  from  selected 
sources.   Tables  41  and  42  summarize  the  comprehensive  distress  survey 
of  Barenberg,  et  al  (Ref.  21).   This  particular  study  is  directed 
toward  recognition  and  repair  of  pavement  distress,  so  that  the  distress 
types  are  categorized  by  distress  manifestation  rather  than  by  mechanism. 
In  addition,  this  study  involves  0-70  mph  (0-113  kph) ,  0-40  mph  (0-64  kph) , 
and  0-20  mph  (0-32  kph)  roads  (as  well  as  parking  lots) ,  urban  and 
rural,  primary  and  secondary  roads,  and  hence,  includes  some  distresses 
that  are  not  considered  applicable  to  this  project.   Nevertheless,  it  is 
a  very  complete  survey  which  was  considered  to  provide  a  complete  catalog 
of  pavement  distress  by  type,  severity,  and  cause. 

Darter  and  Barenberg  (Ref.  22)  surveyed  distress  occurrences  in  the 
field  and  ranked  the  types  of  distress  in  order  of  frequency  or  occur- 
rence.  These  results  are  listed  in  Tables  43  through  47.   This  study 
was  based  on  distress  measurements  in  several  states,  and  only  premium 
pavements  were  considered.   Thus,  the  distress  types  listed  here  are 
more  nearly  in  line  with  the  requirements  of  the  present  work,  and  in 
general,  the  distress  types  near  the  top  of  their  rankings  agree  roughly 
with  those  to  be  used  in  this  project.   However,  frequency  of  occurrence 
may  not  reflect  the  impact  of  a  type  of  distress  on  serviceability/per- 
formance, so  the  order  cannot  be  adopted  directly.   In  addition,  the 
rankings  of  Reference  22  are  based  on  distress  manifestations  in  pave- 
ments which  survived  for  20  years,  a  restriction  which  is  not  relevant 
to  the  present  work. 

A  third  report  which  offers  insight  into  the  relative  importance  of 
various  types  of  distress  was  recently  completed  by  researchers  at  the 
Texas  Transportation  Institute  (Ref.  23).   This  report  gives  "deduct 
values"  for  different  degrees  of  severity  for  various  types  of  distress. 
Tables  48  and  49  list  these  deduct  values  for  flexible  and  rigid  pave- 
ments, respectively. 

These  deduct  values  are  intended  for  use  in  calculating  a  pavement 
rating  score  (PRS)  defined  by  the  following  equation: 


n        n 

PRS   =   C 

-    Z        Z 
i=l  j=l 

a(T.,    S.,E..) 

where: 


C      =  initial  rating  score  of  the  pavement,  and 
a(...)  =  Weighting  factor  (deduct  value)  dependent  upon  distress 
Type  T.,  Severity  S.,  and  the  extent  of  distress  E, 


ij 
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TABLE 

41    FLEXI 

Distress 

Severity 

1. 

Abrasion 

high 

2. 

Bleeding 

very  high 

3. 

Char 

very  low 

4. 

Indentation 

very  low 

5. 

Loss  of  cover 
aggregate 

very  high 

6. 

Polished 
aggregate 

very  high 

7. 

Pothole 

very  high 

8. 

Raveling 

high 

9. 

Streaking 

very  high 

10. 

Weathering 

moderate 

11. 

Corrugation 

very  high 

12. 

Cracking, 
Alligator 

high 

13. 

Cracking, 
Contraction 

moderate 

14. 

Cracking,  Edge 

high 

15. 

Cracking,  Edge 
Joint 

high 

16. 

Cracking, 
Lane  Joint 

moderate 

17. 

Cracking, 
Reflection 

moderate 

18. 

Cracking, 
Shrinkage 

moderate 

19. 

Cracking, 
Slippage 

high 

FLEXIBLE  PAVEMENT  DISTRESS  (REFERENCE  21) 


Cause 
hard  material  scraping  on  the  surface 
of  the  road. 

excessive  bitumen,  or  excessive  compac- 
tion to  reduce  air  voids 

fire  burning  on  pavement  surface, 

punching  shear  forces  due  to  sharp  or 
heavy  metal  objects. 

inadequate  binding  of  aggregate  in  sur- 
face treatment. 

poor  abrasion  resistance  of  aggregate. 


poor  surface  mixture  allows  traffic  to 
abrade  pavement  from  weak  spots. 

inadequate  binding  of  aggregate  due  to 
dirty  aggregate,  improper  mix  or  improper 
compaction. 

improper  asphalt  distribution  during  sur- 
face treatment. 

binder  becomes  brittle  and  less  adhesive 
with  time,  allowing  surface  abrasion. 

unstable  mix  due  to  inadequate  binder, 
aggregate  or  curing. 

excessive  deflection  of  stiff  mix  over 
a  relatively  resilient  base. 

stiff  binder  or  improper  bonding  to  under- 
lying layers  cannot  accommodate  thermal 
volume  change. 

insufficient  vertical  and/or  lateral  sup- 
port at  shoulder. 

separation  of  pavement  and  shoulder  due 
to  frost  heave,  subgrade  volume  change  or 
heavy  wheel  loads. 

improper  (cold)  bonding  of  adjacent  lanes 
of  pavement . 

vertical  and/or  horizontal  movement  along 
existing  joints  in  underlying  layers. 

excessive  volume  change  due  to  high  binder 
content  or  high  coefficient  of  thermal  ex- 
pansion, low  penetration,  or  weathered  as- 
phalt. 

poor  bond  of  surface  to  underlying  layers- 
or  unstable  surface  mixture. 
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TABLE  41   FLEXIBLE  PAVEMENT  DISTRESS  (REFERENCE  21)  (Continued) 


Distress 

20.  Depression 

21.  Rutting 

22.  Shoving 

23.  Upheaval 

24.  Utility  Cut 
Depression 


Severity  Cause 

high  traffic-related  compaction  of  surface  or 
base,  or  settlement  of  fill  material. 

high         traffic-related  compaction  or  shaving  due 
to  improper  compaction  or  unstable  mix. 

very  high  unstable  pavement  surface  or  base  due  to 
excess  or  poor  binder,  poor  aggregate  or 
excess  moisture. 

very  high    local  expansion  in  subgrade  or  pavement 
layer  due  to  frost  or  soil  expansion. 

very  high  improper  backfill  following  utility  con- 
struction. 
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TABLE  42   RIGID  PAVEMENT  DISTRESS  (REFERENCE  21) 


Name 
1,   Crazing 


Joint  Filler  Ex- 
trusion and/or 
Stripping 

Scaling 


5.   Shattering 
Blow-up 


Severity 
low  to 
moderate 

moderate 
to  high 

moderate 


Buckling  Blow-up   very  high 


very  high 
6.   Corner  Cracking    high 


7. 

Diagonal 
Cracking 

moderate 
to  high 

8. 

Longitudinal 
Cracking 

high 

9. 

Transverse 
Cracking 

high  to 
very  high 

10. 

Second  Stage 
Cracking 

high  to 
very  high 

11. 

Progressive 
Cracking 

very  high 

12. 

Random 
Cracking 

high 

13. 

Curling 

moderate 
to  high 

14. 

"D"  Cracking 

moderate 

15. 

Faulting 

high  to 
very  high 

16.   Joint  Failure 


high 


Cause 
excessive  finishing  of  slab  surface, 

poor  adhesion  between  joint  and  filler, 
improper  application  or  excessive  joint 
filler, 

de-icing  chemicals;  improper  mixing, 
curling  or  finishing;  or  unsuitable 
aggregates. 

insufficient  joint  width  or  foreign 
material  in  joints. 

same  as  buckling  blow-up. 


poor  support  on  slab  corners  due  to  pump- 
ing, curling  or  soft  base. 

same  as  corner  cracking  on  a  larger  scale, 


lateral  shrinkage  with  inadequate  joints, 
loss  of  edge  support,  or  expansive  sub- 
grade  soils. 

slab  contraction  with  inadequate  joints, 
curling  and  pumping. 

loss  of  slab  end  support  from  pumping, 
improper  load  transfer  at  joints. 

heavy  loads  on  already  cracked,  poorly 
supported  pavement. 

extreme  overloading  and  lack  of  adequate 
roadbea  support. 

non-uniform  slab  expansion/contraction 
caused  by  heat  or  moisture  differences 
from  top  to  bottom. 

structural  breakdown  due  to  freeze/thaw 
and  variably  expansion  aggregate. 

differential  consolidation  or  swelling  of 
underlying  material,  or  pumping,  coupled 
with  inadequate  load  transfer. 

impressibles  in  joint,  or  compressive 
bending  stresses. 
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TABLE  42  RIGID  PAVEMENT  DISTRESS  (REFERENCE  21)  (Continued) 


Name  Severity  Cause 

17.  Pumping  high  to      free  water  in  base,  subbase  or  subgrade 

very  high    and  insufficient  slab  support. 

18.  Spalling  high         inpompressibles  in  joint,  improper  joint 

construction  or  load  transfer,  inferior 
concrete  or  pavement  too  thin. 
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TABLE  43     SUMMARY  OF  DISTRESS  TYPES  FOUND  ON  FLEXIBLE  PAVEMENTS 
RATED  AS  MODERATE  TO  SEVERE    (REFERENCE  22) 


Types  of  Distress 


PROJECTS 
Distresses /Total  Maintained/Distressed 


1.  Longitudinal  Cracking  11/19 
(lane  joint  in  nearly 

all  cases) 

2.  Transverse  Cracking  10/19 
(including  reflective) 

3.  Alligator  (fatigue)  cracking  9/19 

4.  Polished  Aggregate  8/19 

5.  Rutting  6/19 

6.  Weathering  Asphalt  4/19 

7.  Depressions  3/19 

8.  Alligator  or  Transverse  14/19 
Cracking* 

9.  Alligator  or  Transverse  or       17/19 
Longitudinal  Cracking  or 

Rutting* 


** 
5/11 


7/10 

5/9 
0/8 
1/6 
0/4 
0/3 
9/14 

10/17 


*Whichever  of  the  distress  types  was  rated  highest  for  each  pavement, 
**Maintenance  performed  only  for  distress  indicated. 
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TABLE  44    SUMMARY  OF  DISTRESS  TYPES  ON  COMPOSITE  PAVEMENTS  WHERE 

DISTRESS  IS  RATED  AS  MODERATE  TO  SEVERE    (REFERENCE  22) 


PROJECTS      ^ 
Types  of  Distress  Distresses/Total  Maintained/Distressed 


1.  Transverse  Cracking  6/7  2/6 

2.  Rutting  5/7  0/5 

3.  Longitudinal  Cracking  4/7  2/4 

4.  Edge  Cracking  3/7  1/3 
5..  Random  Cracking  3/7  1/3 

6.  Depression  2/7  0/2 

7.  Polished  Aggregate  2/7  0/2 

8.  Raveling  and  Weathering  1/7  0/1 

*Maintenance  performed  for  only  the  distress  indicated. 
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TABLE  45     SUMMARY  OF  DISTRESS  TYPES  ON  JCP  RATED  AS  MODERATE 
TO  SEVERE    (REFERENCE  22) 


Types  of  Distress 


PROJECTS     ^ 
Distresses /Total  Maintained /Distressed 


1.  Joint  Filler  Extrusion 
and/or  Stripping 

2.  Shoulder  Distress 

3.  Faulting  Joints 

4.  "D"  Cracking 

5.  Interconnecting  Cracking 

6.  Surface  Depression 

7.  Transverse  Cracking 

8.  Joint  Spalling 


11/11 

4/8 

4/12 

3/12 

2/12 

2/12 

2/12 

1/12 


2/11 

1/4 
2/4 
1/3 
0/2 
0/2 
2/2 
0/1 


*Maintenance  applied  to  only  specific  distress  indicated. 
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TABLE  46     SUMMARY  OF  DISTRESS  TYPES  FOUND  ON  JRCP  RATED 
AS  MODERATE  TO  SEVERE    (REFERENCE  22) 


Types  of  Distress 


PROJECTS     ^ 
Distresses /Total  Maintained /Distressed 


1.  Transverse  Cracking  14/18 

2.  Paved  Shoulder  Distress  6/8 

3.  Faulting  of  Cracks  11/18 

4.  Joint  Filler  Stripping  11/18 

5.  Joint  Spalling  9/18 

6.  Surface  Depressions  or  Swell  4/18 

7.  Corner  Cracking  6/18 

8.  Longitudinal  Cracking  3/18 

9.  Blowups  4/18 

10.  Diagonal  Cracking  8/18 

11.  "D"  Cracking  2/18 


9/14 

4/6 

6/11 

5/11 

7/9 

4/4 

5/6 

2/3 

4/4 

1/8 

2/2 


*Maintenance  applied  to  only  specific  distress  indicated. 
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TABLE  47    SUMMARY  OF  THE  MOST  PREDOMINANT  DISTRESS  TYPES  FOUND 
ON  CRCP  RATED  MODERATE  TO  SEVERE    (REFERENCE  22) 


PROJECTS      £ 
Types  of  Distress  Distresses/Total  Maintained/Distressed 


1.  Surface  Depression  7/12  0/7 

2.  Crack  Spalling  6/12  2/6 

3.  Punchouts  4/12  4/4 

4.  Interconnecting  Cracks  4/12  2/4 

5.  Longitudinal  Cracking  2/12  0/2 

6.  Steel  Rupture  2/12  2/2 

*Maintenance  applied  to  only  specific  distress  indicated. 
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TABLE  48  DEDUCT  VALUES  FOR  FLEXIBLE  PAVEMENTS  (REFERENCE  23) 


Typ 

e  of  Distress 

Severity 

Deduct  Values 

of  Distress 

Percent 

of  Pavement  Area 

Affected 

Cl-15%) 

(16-30%) 

(>30%) 

1. 

Rutting 

slight 

0 

2 

5 

moderate 

5 

7 

10 

severe 

10 

12 

15 

2. 

Raveling 

slight 

5 

8 

10 

moderate 

10 

12 

15 

severe 

15 

18 

20 

3. 

Flushing 

slight 

5 

8 

10 

moderate 

10 

12 

15 

severe 

15 

18 

20 

A. 

Corrugations 

slight 

5 

8 

10 

moderate 

10 

12 

15 

severe 

15 
(1-5%) 

18 
(6-25%) 

20 
(>25%) 

5. 

Alligatoi 

slight 

5 

10 

15 

Cracking 

moderate 

10 

15 

20 

severe 

15 
(1-5%) 

20 
(6-15%) 

25 
(>16%) 

6. 

Patching 

good 

0 

2 

5 

fair 

5 

7 

10 

poor 

7 

15 

20 

7. 

Longitudinal 

Crac 

king 

Lineal  Feet  per  Station  - 

-  Lane 

(10-99) 

(100-199) 

(>200) 

Case  I : 

Crac 

:ks 

slight 

2 

5 

8 

Sealed 

moderate 

5 

8 

10 

severe 

8 

10 

15 

Case  II: 

Crac 

:ks 

slight 

3 

7 

12 

Partially 

'  Sealed 

moderate 

7 

12 

15 

severe 

12 

15 

20 

Case  III: 

Crac 

:ks 

slight 

5 

10 

20 

Not  Seale 

:d 

moderate 

10 

15 

20 

severe 

15 

20 

25 

1  foot  =  0.305  m. 
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9. 


TABLE  4&   DEDUCT  VALUES  FOR  FLEXIBLE  PAVEMENTS  (REFERENCE  23)(Continued) 


8.   Traverse  Cracking 


Number  Per  Station  -  Lane 


(1-4) 

(5-9) 

(>10) 

Case  I:   Cracks 

slight 

2 

5 

8 

Sealed 

moderate 

5 

8 

10 

severe 

8 

10 

15 

Case  II:  Cracks 

slight 

3 

7 

10 

Partially  Sealed 

moderate 

7 

10 

15 

severe 

10 

15 

20 

Case  III:  Cracks 

slight 

3 

7 

12 

Not  Sealed 

moderate 

7 

12 

15 

severe 

12 

15 

20 

Failures/Mile 

(1-5) 

(6-10) 

(>10) 

Failures/Mile 

20 

30 

40 

(Note:   All  Failures  are  considered 
to  have  a  "Severe"  degree  of 
distress.) 


1  mile 


1.6  km. 
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TABLE  49    DEDUCT  VALUES  FOR  RIGID  PAVEMENT  (REFERENCE  23) 


Type  of  Distress 


Pumping 


Failures/Mile 

Note:  All  failur 

sidered  to  have 
"severe"  degree  of 
distress 


Severity 

Deduct  Values 

of  Distress 

Variation 

in  Extent  Not 

Applicable 

slight 

20 

moderate 

40 

severe 

60 
Failures/Mile 

(1-5) 

(6-10) 

(>10) 

are  con- 

ive  a 

20 

30 

40 

3.   Surface 

Deterioration 


slight 

moderate 

severe 


Percent  of  Pavement  Area  Affected 


(1-15%) 

5 

10 

20 


(16-50%) 
10 
20 
40 


(>50%) 
20 
30 
60 


4.   Spalling 


slight 

moderate 

severe 


Percent  of  Joints  or  Cracks  Affected 


(1-15%) 

5 

10 

20 


(16-50%) 
10 
15 
40 


(>50%) 
15 
20 
60 


5.   Longitudinal 
Cracking 


slight 

moderate 

severe 


Lineal  Feet  Per  Station 


Lane 


(0-99) 
5 
10 
15 


(100-199) 
10 
15 
20 


(>200) 
15 
20 
25 


6.   Faulting 


moderate 
severe 


Number  Per  Station  -  Lane 


(<10) 

5 
15 


(>10) 
15 
40 


7.   Crack  Spacing 
(CRCP  Only) 


closed 
open 


Distance  Between  CRCP  Cracks 

(5-10  ft.)  (0ther:<5  ft  or  >10  ft) 
0  10 

15  40 


8.      Y  Cracking 


moderate 
severe 


Percent   of   Cracks  Which  Intersect 


(<10%) 
5 
15 


(>10%) 
15 
40 


190 


TABLE  49    DEDUCT  VALUES  FOR  RIGID  PAVEMENT  (REFERENCE  23) 
(Continued) 


Type  of  Distress 


9.   Transverse  Cracking 

Case  I:   If  Joint 
spacing  is  less 
than  20  feet 

Case  II:  If  Joint 
spacing  is  greater 
than  20  feet 


Severity 

De 

duct  Vi 

ilues 

of  Distress 

Numb 

er  per 

panel 

(1-2) 

(3-4) 

(>4) 

slight 

moderate 

severe 

5 
10 
15 

10 
20 
30 

20 
30 
40 

slight 

moderate 

severe 

0 

5 

10 

5 
10 
15 

10 
20 
30 

1  foot  =  0.305  m. 
1  mile  =  1.6  km. 
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TABLE  50   WEIGHTS  FOR  FLEXIBLE  PAVEMENT  LEVEL  OF  SERVICE  (REFERENCE  23) 


Skid  Number 
Urban        1 . 0 
Rural        0.5 


Segment  Rehabilitation 
Rutting     PSI       Cracking 
0.9       0.8  0.8 

0.6       0.7         1.0 


PRS 
0.5 
0.8 


Spot  Rehabilitation 


Skid 

Failures/ 

Alligator 

Number 
1.0 

Flushing 
0.9 

mile 

Cracking 
0.8 

Raveling 
0.7 

Corrugations 

Urban 

0.9 

0.6 

Rural 

0.7 

0.8 

1.0 

1.0 

0.8 

0.6 

1  mile  =  1.6  km. 


TABLE  51     WEIGHTS  FOR  RIGID  PAVEMENT  LEVEL  OF  SERVICE  (REFERENCE  23) 


Segment  Rehabilitation 

Skid  Surface 

Number  Cracking   Spalling  Deterioration  Pumping  SPI  PRS 


Urban 

1.0 

0.9 

0.9 

0.9 

0.8 

0.8 

0.6 

Rural 

0.8 

1.0 

0.85 

0.8 

0.85 

0.6 

0.9 

Skid 
Number 

Urban   1.0 

Rural   0.7 


Spot  Rehabilitation 

Failures/ 

Mile      Faulting   Spalling 


0.9 
1.0 


0.9 
0.9 


0.9 
0.8 


Pumping 
0.85 
0.9 


Surface 
Deterioration 

0.8 

0.8 


1  mile  =  1.6  km. 


192 


c 

o 

•H 

*J 

tj   cu 

3| 

co  cO 

T3     CU 

a) 

•H     O 

•H     O 

M 

^  c 

bO 

M     C 

bO 

bO 

CO    cO 

C 

bO 

co     cO 

a> 

C 

bO 

4J 

•H 

1/3  4J 

C 

bO            4J 

4-1 

•H 

c 

Tj      CO 

^ 

bO            rQ      CO 

•H 

C!     T3     CO 

d 

CX 

•H 

CU    -H 

cj 

ex 

•H      CU    -H 

•H 

CX 

rH 

O     CO 

cO 

Scali 

Reduce 
Res 

CX 

rH         CJ       CO 

CO 

•H 

cu 

3     CU 

H 

•H 

CU       3     CU 

•H 

>-i 

> 

tj  pi 

O 

H 

>       TJ     Pi 

Q 

•U 

CO 

CU 

1 

4-1 

CO      cu 
Pi     P5 

CO 

PS 

Pi 

Q 

CO 

bO 

ti 

•H 

rH 

rH 

rH 

rH 

rH 

rH 

a) 

0) 

CU 

•* 

S 

& 

co 

CO 

CO 

cu 

1 

CU          1 

0) 

1 

>% 

> 

C 

>     c 

> 

c 

u 

CO 

o 

cO       O 

CO 

o 

o 

CU 

•H 

OJ       >H 

CU 

•H 

bO 

re 

4J 

M         4-t 

ffl 

4J 

a) 

C 

CJ 

CJ 

o 

•u 

o 

4-1 

CO 

4->          CO 

4J 

cfl 

CO 

•H 

CO 

CX 

CO       ex 

CO 

CX 

o 

4-» 

O 

e 

O       0 

o 

a. 

W 

u 

o 

m      o 

u 

o^ 

CO 

O 

Pn 

cj 

Pn      o 

Pn 

CJ 

(0 

4-1 

* 

•»: 

a) 

CO 

iH 

rH 

CO 

rH         rH 

rH 

rH 

CO 

M 

•H 

CO 

cO 

C 

cO       CO 

CO 

CO 

C 

*j 

Q 

•H 

•H 

o 

•H       -H 

•H 

•H 

o 

(0 

4-> 

4-) 

•H 

4-t         4J 

4J 

4-) 

•H 

•H 

c 

C 

•JC 

4-1 

bO 

c     c 

c 

c     * 

4-> 

Q 

a> 

OJ 

bO       bO 

CO 

C 

0)       cu 

CU 

CU       bO            bO 

CO 

M 

M 

c     c 

bO 

•H 

W            M 

u 

U        C              C 

bO 

cu 

CU 

•rl       -H 

3 

4-1 

cu      cu 

cu 

CU       -H              -H 

3 

CM 

CM 

>        *-> 

M 

rH 

CM        «M 

CM 

*M         >                 4J 

M 

CM 

cm 

O        4-1 

M 

3 

CM        CM 

CM 

CM         O                 4J 

U 

•H 

•H 

X.       3 

O 

cO 

-H       -H 

•H 

•H       4=              3 

O 

O 

Q 

to       Pi 

O 

Fn 

Q       Q 

Q 

Q       CO              Pi 

o 

bO 

* 

60 

*                C 

bO 

C 

bO             -H 

bO 

bO 

G 

bO 

•H        bO 

bO 

bO       C             ^ 

c 

a 

•H 

C 

^5       C 

C 

C       -H              O 

•H 

•H 

^ 

•H 

cj      -H 

•H 

•H      ^»S              CO 

^ 

,*5 

CJ 

4rf 

CO      ,i«5 

^ 

^        O              M 

<U 

a 

o 

cO 

O 

U        CJ 

CJ 

CJ       CO            CJ 

M 

CO 

cO 

W 

cO 

CJ        CO 

CO 

CO         M 

3 

t-i 

u 

c_) 

u 

w 

U 

M      CJ             C 

4-> 

CJ 

o 

cj 

CU      cj 

C_) 

CJ                       O 

o 

CU 

bO 

bO 

CU             -H 

cd 

a) 

rH 

M 

cu 

[J        rl              CO 

c 

CU 

rH           bO                  4J 

M 

3 

CO 

cO 

3 

^            CO                 CX 

•H 

3 

cO       CO              O 

Pi. 

bO 

P. 

bO 

•H        fi            ^ 

-H 

bO 

6       cx           cu 

-H 

p 

a, 

•H 

rH 

•H 

M           CX                 rH 

4J 

OJ 

•H 

4-1 

M         CU             O 

CO 

4J 

CU        -H               «M 

CO 

x: 

rH 

cO 

,£         ,C              rH 

(X 

cO 

J2         rH                  CU 

P-. 

H 

to 

Pn 

w     Eh        pQ 

CO 

Pn 

H       co             Pi 

SqU9in3AH,J 

S^USUiaAF^ 

s^uaraaABj 

aTqxxax.i 

PT§T^[ 

33Ts°dui03 

adAj,    quauiBAB^ 

t3 

. 

o 

CX 

•H 

o 

4-) 

rH 

a 

CU 

3 

> 

M 

cu 

4-> 

T3 

CO 

c 

4-1 

O 

O 

CJ 

c 

13 

o 

c 

T3 

CO 

^ 

C 

cu 

box: 

•H 

4-1 

CO 

0) 

4-1 

-o 

CO 

X. 

4J 

4-1 

c 

(1) 

CU 

n 

M 

V-. 

3 

3 

CO 

(J 

C 

cu 

bO 

f3 

o 

•H 

4J 

CO 

3 

-O 

CU 

co 

M 

4-1 

CU 

c 

13 

CU 

-H 

6 

CO 

at 

C 

> 

O 

cO 

O 

cx 

CU 

I 

X> 

•H 

T3 

6 

rH 

cu 

3 

H 

O 

cx,c 

CO 

a 

■H 

4-t 

3 

4J 

43 

c 

CO 

M 

4-1 

CO 

M 

CU 

O 

3 

cx 

cr 

B 

•H 

■H 

d 

x 

4J 

o 

O 

CU 

S2 

4J 

* 

193 


Q 
W 
H 
O 
W 

hJ 

W 
co 

CO 

CO 


H 
CO 


CO 

H    CN 


CJ 


0) 

cj 

d 

Pm  cu 
M     5-i 

:s   cu 

O  M-l 
M  CU 
CO    Pi 

Pn 
O 


9 

!=> 

H 
t^    CO 

<rj  Pi 
Pi  w 

>-!     H 

H  Pi 
M  P 
Pi    P^ 

°  ~> 
rH    Pi 

Pi    O 

(^    P^ 


CJ 


■u 

d 
cu 

g 

cu 

> 

co 
Pm 

X) 
•H 
bO 
•H 

Pi 


0) 

CO 

4-J 

•u 

•H 

d 

CO 

0) 

O 

S 

Pu 

0) 

0 

> 

0 

co 

0 

Ph 

c 

O  bO 

•H  d 

4-1  -H 

CJ  ^ 

CU  O 

.H  CO 

cw  S-i 

CU  CJ 
Pi 


bO 

d 

•H 


cO 
0< 

CO 

a: 
a 

CO 

o 


XI 

a 

<u  bo 

•     bO  d 

a  n)  'H 

g  ^  ^ 

cu   d  cj 

H    -H  CO 

I     u  u 

5  xi  u 

O    CO 


bO 

c 

•H 

o 
CO 

5-1 

U 


Ph 

0 

0J 

•-) 

3 

bO 

•H 

4-1 

cO 

Pn 

bO 
d 

•H 
CJ 

CO 
5-i 
CJ 

CU 

d 

bO 
•H 

4J 

CO 

p4 


bO 

ti 
•H 

CJ 

CO 
u 
O 

CU 

d 

bO 
•H 
■u 
cO 

bO 
Pi 
•H 
^ 

O 
CO 
5-i 
CJ 

CU 

d 

bO 
•H 

CO 


bO 
d 
■H 
4-1 

4-1 

d 
pi 


bO 

d 

•H 

a 
CO 
5-i 

u 


a, 
g 
cu 

H 
I 

13 

o 


bO 

d 

•H 
4-> 

rH 

d 

cO 
P^ 

o 
cO 

5-i 

o 


xi 

•H  CU 

^  o 

co  d 

co 

X)  4-1 

cu  co 

a  -h 

d  co 

xi  cu 

cu  Pi 

Pi 


bO 

d 

•H 
CJ 

cO 

u 

CJ 

cu 

bO 
CO 

d 

■H 
U 
X! 
CO 


bO 

d 

•H 


CO 

Oh 

CO 

4-1 

d 

•H 

O 
•-3 


bO 

bO 

d 

d 

•H 

•H 

4-1 

H 

rH 

bO 

pH 

d 

d 

CO 

cO 

•H 

Cu 

pt< 

0 

CO 

4-1 

CO 

4-1 

d 

5-1 

d 

•H 

CJ 

•H 

O 

1 

O 

•"3 

Q 

'-I 

5-1 

d 

4-1 

CO 

a. 

4-1 

d 

d 

cd 

0 

43 

H 

a 

CU 

d 

cu 

d 

4-) 

Ph 

CO 

bO 

d 

•H 

a 
co 
u 
cj 

1 
Q 


co 

LO 


w 

pq 

< 


bO 

d 

bO 

•H 

d 

^ 

■H 

a 

CU 

^! 

cO 

rH 

O 

5-1 

XI 

43 

cO 

CJ 

•H 

01 

•H 

5-1 

^i 

u 

X 

CJ 

• 

CO 

d 

CU 

ft 

cd 

rH 

CU 

bO 

g 

X) 

4-> 

Pn 

d 

d 

CU 

cu 

co 

bO 

•H 

H 

CJ 

•H 

•H 

4-J 

1 

d 

CO 

4-) 

4-) 

13 

XI 

cu 

CO 

d 

O 

cu 

Pi 

Pn 

Pi 

hJ 

Pi 

>% 

4-J     bO 

•h    d 

5-1    «H 

O    A! 

rH 

CN 

CO 

<r 

•H     d 

5-4     CO 

p-i  Pi 

LTl 


194 


The  higher  the  deduct  value  the  more  important  the  impact  of  that  par- 
ticular distress  on  the  pavement  rating.   According  to  this  criterion 
for  flexible  pavements,  the  most  significant  distresses  are  failures/mile 
(potholes),  alligator  cracking  and  longitudinal  cracking.   For  rigid 
pavements  the  corresponding  order  is  pumping,  surface  deterioration,  and 
spalling. 

In  this  same  study  it  was  recognized  that  the  deduct  values  applied 
only  to  the  immediate  effects  of  a  particular  distress,  whereas  mainte- 
nance personnel  would  be  influenced  by  projected  future  impacts,  societal 
values,  environmental  considerations,  etc.,  in  deciding  priorities  for 
maintenance  activities.   Consequently,  a  series  of  interviews  was  con- 
ducted and  a  set  of  utilities  was  developed  to  reflect  the  relative 
importance  of  various  distress,  safety,  and  user  comfort  variables  under 
different  circumstances.   These  utilities  are  reproduced  in  Tables  50 
and  51.   The  categories  which  correspond  roughly  to  the  needs  of  this 
project  are  "rural"  and  "segment  rehabilitation",  although  some  considera- 
tion has  been  given  to  the  urban  setting  as  well.   This  combination  of 
utilities  and  deduct  values  is  adequate  because  it  is  concise  and  yet 
flexible  enough  to  apply  to  a  wide  variety  of  situations. 

Finally,  Tables  52  and  53  contain  the  distress  categories  of 
Rauhut  et  al  (Ref.  18).   This  report  is  quite  comprehensive:   the  var- 
ious distresses  are  defined,  the  causative  mechanisms  are  identified, 
important  material  properties  are  noted,  and  an  attempt  is  made  to 
demonstrate  the  complex  interrelationships  between  primary  and  secondary 
distress  manifestations.   The  focus  here  is  on  the  causes  and  develop- 
ment of  distress  symptoms,  so  that  the  distress  types  are  classified  by 
cause  rather  than  by  field  appearance.   Hence,  instead  of  longitudinal, 
transverse  and  alligator  cracking,  one  finds  fatigue,  thermal  and  shrinkage 
cracking.   This  is  much  more  desirable  for  theoretical  analysis  and 
model  building,  although  correlation  with  field  observation  is  more 
difficult. 

The  priority  ranking  of  Table  53  (Ref.  18)  is  expected  to  be  valid 
for  this  project  with  only  minor  modification.   However,  as  an  independent 
check,  Reference  14  may  be  used  to  make  an  evaluation  of  the  relative 
impact  of  various  distress  types.   The  combination  of  deduct  values  and 
utilities  for  each  distress  allows  an  assessment  of  both  the  immediate 
and  expected  future  effects  on  serviceability/performance.   This  combina- 
tion is  accomplished  as  follows : 

(1)   Choose  a  set  of  utilities  for  the  problem  at  hand.   This 
project  is  concerned  with  both  flexible  and  rigid  pavements,  a  primarily 
rural  setting,  and  primarily  with  rehabilitation  of  an  entire  segment  of 
roadway.   The  utilities  in  Tables  50  and  51  were,  therefore,  combined  in 
such  a  way  as  to  emphasize  the  "rural"  and  "segment"  values  without 
ignoring  the  "urban"  and  "spot"  contributions.   This  was  done  by  defining 
new  utilities, 
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UF .  =  new  utility  of  flexible  pavements  for  distress  type  i, 
UR.  =  new  utility  for  rigid  pavements  for  distress  type  i, 
in  terms  of  the  values  quoted  in  Tables  50  and  51: 

UF.  =  a  [a  UFSGR.  +  (1-a  )  UFSGU . ]  +  (1-a  )  [a  UFSPR.  +  (1-a  )UFSPU.] 

_L  -L        Z~  _L-  £-  -L  -L  £m  _L  £*  J_ 

UR.    =   an [a0URSGR.    +   (l-a0)    URSGU.]    +    (l-an)    [a.URSPR.    +   (1-aJURSPU.  ] 

1  1       Z  1  I  X  lZl  Z  X 

where 

a  =  fraction  representing  research  interest  in  rural  rather  than 
urban  pavements . 

a?  =  Fraction  representing  research  interest  in  segment  rehabilitation 
rather  than  spot  rehabilitation. 

UFSGR   =  flexible  segment  rural  utility  (from  Table  50)  for 
distress  type  i. 

UFSGU-.   =  flexible  segment  urban  utility  (from  Table  50)  for 
distress  type  i. 

UFSPR..   =  flexible  spot  rural  utility  for  type  i  distress. 

URSGU.   =  rigid  segment  urban  utility  (from  Table  51)  for  distress 
type  i,  etc. 

URSPU .  =  rigid  spot  urban  utility  for  distress  type  i. 

UFSPU .  =  flexible  spot  urban  utility  for  distress  type  i. 

URSGR.  =  rigid  segment  rural  utility  for  distress  type  i. 

URSPR.  =  rigid  spot  rural  utility  for  distress  type  i. 

The  numerical  values  for  UF.and  UR.  are  presented  in  Tables  54  and 
55  for  various  combinations  of  a^  and  a2  (ai_,  o.^   =  2/3,  3/4,  4/5).   The 
order  of  importance  established  by  these  utilities  is  nearly  independent 
of  the  particular  combination  of  a^  and  v.^  >  as  can  De  seen  from  the 
values  in  the  tables.   Hence,  ch  and  v.^   were  arbitrarily  fixed  (01^=012=. 75) 
without  a  great  loss  of  generality. 

(2)   Calculate  an  average  deduct  value  for  each  distress  type. 
This  was  done  directly  from  Tables  48  and  49.   For  example,  for  rutting 
in  flexible  pavements, 
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TABLE  54     FLEXIBLE  PAVEMENT  UTILITIES  FOR  VARIOUS  FREQUENCIES 
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Rut  =  (0+2+5+5+7+10+10+12+15)  ^9  =  7 

If  this  value  differs  significantly  from  the  median  (in  this  case  also 
7),  some  reconciliation  may  be  attempted.   This  problem  occurs  only  for 
spalling  in  rigid  pavements,  and  the  solution  chosen  here  is  to  pick  an 
"average  deduct  value"  intermediate  to  the  mean  and  median.   The  average 
deduct  values  are  present  in  Tables  56  and  57. 

(3)   Determine  the  relative  severity  ranking.   This  was  done  by 
multiplying  the  deduct  values  from  step  (2)  by  the  appropriate  utilities 
from  step  (1).   Note  that  some  distresses  fit  more  than  one  category; 
for  example,  both  "cracking"  and  "alligator  cracking"  are  listed  in 
Table  54.   In  general,  the  more  specific  category  was  allowed  to  stand 
on  its  own,  but  was  also  included  in  the  more  general  category.   Hence, 
in  the  example,  alligator  cracking  is  counted  twice,  once  by  itself  and 
once  along  with  all  other  types  of  cracking.   Another  way  of  saying  this 
is  that  if  all  of  the  cracking  in  a  pavement  is  alligator  cracking,  the 

effective  utility  is   cracking    alligator  cracking,  whereas  if  all  the 

cracking  is  transverse,  the  effective  utility  is   cracking.   This  has 
the  effect  of  making  alligator  cracking  more  important  than  other  types 
of  cracking  in  flexible  pavements. 

Note  also  that  the  utility  for  Pavement  Rating  Score  (PRS)  is  in- 
cluded in  all  distress  types,  because  it  is  a  summary  distress  score. 

The  resulting  severity  ranking,  from  most  to  least  severe,  and 
using  a  =a  =0.75,  is: 

Flexible  Pavement  Distress: 

(1)  Failures/mile. 

(2)  Alligator  cracking. 

(3)  All  other  cracking. 

(4)  Flushing,  Ravelling,  Corrugation  (very  nearly  equal). 

(5)  Rutting. 

(6)  Patching. 

Rigid  Pavement  Distress: 

(1)  Pumping. 

(2)  Surface  Deterioration. 

(3)  Spalling. 
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TABLE  56 

AVERAGE 

DEDUCT 

VALUES  FOR  FLEXIBLE  PAVEMENT 

DISTRESS 

Distress 

Deduct 

Value 

Distress 

Deduct  Value 

Failures/mile 

30 

Longitudinal  Cracking 

11 

Alligator  Crac 

king 

15 

'  Transverse  Cracking 

10 

Raveling 

13 

Patching 

8 

Flushing 

13 

Rutting 

7 

Corrugations 

13 

1  mile  =  1.6  km, 


TABLE  57     AVERAGE  DEDUCT  VALUES  FOR  RIGID  PAVEMENT  DISTRESS 
Distress       Deduct  Value  Distress  Deduct  Value 


Pumping 

40 

Y-Cracking 

19 

Failures /mile 

30 

Crack  Spacing 

16 

Surface  Deterioration 

24 

Transverse  Cracking 

16 

Spalling 

19 

Longitudinal  Cracking 

15 

Faulting 

19 

1  mile  =  1.6  km, 
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(4)  Failures /miles . 

(5)  Cracking. 

(6)  Faulting. 

These  rankings  are  similar  to  those  of  Reference  30  (Table  53) ,  pro- 
vided that  the  difference  categorization  of  distress  types  is  taken  into 
account . 
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APPENDIX  C 
EVAULATION  OF  DISTRESS  MODELS 


FLEXIBLE  PAVEMENT 

The  commonly  recognized  major  distresses  for  flexible  pavements  can 
be  identified  as  fatigue  cracking,  low-temperature  cracking,  rutting  and 
reduced  skid  resistance.   VESYS  A  can  predict  the  first  three  distress 
types.   Reduced  skid  resistance,  however,  needs  to  be  analyzed  separately, 

VESYS  A  is  an  improved  version  of  Program  VESYS  IIM,  a  distress 
model  that  has  been  discussed  in  detail  (Refs.  27 l ,  282) .  The  capa- 
bilities added  to  VESYS  IIM  to  produce  VESYS  A  were: 

1.  Seasonal  modification  of  material  properties. 

2.  Incremental  breakdown  of  the  axle  load  distribution  by  tire 
radius  and  corresponding  tire  pressure. 

3.  Addition  of  a  low- temperature  cracking  model. 

The  details  of  these  revisions  and  the  improvements  in  the  idealization 
of  flexible  pavements  are  discussed  in  Reference  29. 

The  term  PDMAP  stands  for  Probabilistic  Distress  Models  for  Asphalt 
Pavement.   The  distress  models  included  are  for  fatigue  cracking  and 
rutting.   The  low  temperature  cracking  distress  model  is  actually  a 
separate  computer  program  called  Program  COLD,  but  it  was  an  integral 
part  of  NCHRP  Project  1-10B  research  and  was  presented  as  a  part  of  the 
PDMAP  system  (Ref.  39)  .   Both  the  fatigue  cracking  distress  and  the 
rutting  models  in  PDMAP  are  based  on  multiple  regressions  on  data  from 


iRauhut,  J.B.,  J.C.  O'Quinn,  and  W.R.  Hudson,  "Sensitivity  Analysis  of 
FHWA  Structural  Model  VESYS  II",  Report  No.  FHWA-RD-76-24 ,  March 
1976. 

2Kenis,  W.J.,  "Predicted  Design  Procedures  -  A  Design  Method  for 
Flexible  Pavements  Using  the  VESYS  Structural  Subsystem", 
Proceedings,  Fourth  International  Conference  on  Structural  Design 
of  Asphalt  Pavements,  Volume  I,  August  1977. 

3Finn,  F.N.,  C.  Saraf,  R.  Kulkarni,  K.  Nair,  W.  Smith,  and  A.  Abdullah, 
"Development  of  Pavement  Structural  Subsystems",  Final  Report 
NCHRP  Project  1-10B ,  February  1977. 
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the  AASHO  Road  Test,  but  depend  on  an  elastic  layer  structural  model  to 
predict  needed  pavement  responses.   Complete  descriptions  of  Program 
PDMAP,  Program  COLD,  and  their  development  are  included  in  Reference  39. 

VESYS  A  is  a  sophisticated  computer  code  that  accepts  some  twenty- 
three  control  variables  and  forty-four  independent  variables  describing 
a  flexible  pavement  structure,  the  traffic  loadings  it  endures,  and 
(through  input  of  pavement  temperatures  and  seasonal  materials  charac- 
terization) the  environment  in  which  it  exists.   Using  this  input,  it 
then  predicts  fatigue  cracking,  rut  depth,  slope  variance,  present 
serviceability  index  and  expected  life  as  functions  of  time  correlated 
to  truck  traffic. 

The  following  paragraphs  describe  how  PDMAP  and  VESYS  A  predict  the 
major  distress  types  for  flexible  pavement  (Refs.  27,  18).   The  stiff er 
base  layer  in  the  composite  pavement  underneath  the  asphalt  concrete 
surface  can  sometimes  force  the  neutral  axis  of  the  stress  diagram  to 
fall  below  the  surface  layers  (when  subjected  to  a  vertical  load),  which 
means  that  the  bottom  fiber  of  the  AC  surface  will  be  in  compression. 
For  such  instances,  the  fatigue  analysis  on  the  asphalt  concrete  surface 
will  no  longer  be  valid;  instead  it  should  be  conducted  at  the  base,  or 
the  stiffer  layer  assuming  that  when  a  fatigue  crack  is  generated  at  the 
bottom  of  the  base  layer,  it  will  propagate  to  the  surface  as  a  reflec- 
tion crack. 

Rutting 

A  diagram  of  the  VESYS  IIM  pavement  analysis  and  design  system  is 
shown  in  Figure  60.   As  can  be  seen,  the  input  variables  arrayed  ver- 
tically at  the  left  side  of  the  diagram  are  partially  stochastic  and 
partially  deterministic.   Material  properties  inputs  are  fit  to  a  curve 
using  a  Dirichlet  series  formulation  so  that  the  material  characteristics 
are  expressed  in  equation  form  for  ready  mathematical  manipulation.   The 
middle  portion  of  the  diagram  shows  a  stationary  load  subprogram  and  a 
repetitive  load  subprogram.   The  stationary  load  subprogram  is  basically 
elastic  layer  theory  applied  to  calculate  stresses,  strains,  and  displace- 
ment at  the  top  and  bottom  of  the  asphaltic  concrete  layer,  at  the  top 
and  bottom  of  the  base  layer,  and  at  the  top  of  the  subgrade  layer. 
When  a  unit  load  is  applied  to  a  specified  loaded  area  at  the  surface, 
one  solution  is  then  obtained  for  each  load  duration  using  the  set  of 
stiffnesses  obtained  for  the  three  layers  from  their  creep-compliance 
vectors.   Calculated  displacements  at  the  top  of  the  surface  are  then 
expressed  in  a  Dirichlet  series  form  as  a  function  of  load  duration  or 
time.   Radial  strains  at  the  bottom  of  the  surface  layer  are  similarly 
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expressed  as  a  function  of  time.   The  result  at  this  stage  is  a  set  of 
equations  representing  total  displacements  at  the  surface  and  radial 
strains  at  the  bottom  of  the  surface  layer,  each  as  a  function  of 
loading  time  to  reflect  analytically  the  viscoelastic  nature  of  the 
pavement  materials. 

A  second  series  of  similar  static  solutions  are  then  run  using 
values  of  layer  elastic  moduli  derived  by  revising  creep  compliance 
relationships  to  omit  permanent  strains  (basis  is  repetitive  load  testing 
to  determine  permanent  strain  as  a  function  of  number  of  loads  applied) . 
In  explanation,  the  creep  compliance  values  input  to  the  computer  pro- 
gram are  based  on  total  strains  which  are  a  combination  of  elastic  and 
permanent  strains. 

The  revised  creep  compliance  values  are  based  on  elastic  strains 
alone.   We  now  have  a  second  set  of  equations  describing  elastic  or 
recoverable  displacements.   The  differences  of  displacement  at  the 
surface  between  the  two  series  of  calculations  may  be  taken  to  be  the 
permanent  strain  or  rutting  at  different  load  durations  for  one  load 
cycle. 

As  permanent  strain  changes  with  number  of  load  cycles  applied,  it 
is  reasonable  to  calculate  permanent  deformation  for  various  numbers  of 
load  applications  so  that  displacements  at  the  surface  may  be  expressed 
as  a  function  of  both  load  duration  and  number  of  cycles. 

Having  the  actual  load  duration  and  a  time-temperature  shift  rela- 
tion for  the  asphaltic  concrete  surface  layer,  a  revised  load  duration 
that  considers  actual  load  duration  and  temperature  effects  on  the  creep 
compliance  can  be  obtained.   Application  of  these  revised  load  durations 
to  the  sets  of  equations  previously  discussed  also  imposes  the  same 
revised  load  durations  on  the  creep-compliance  vectors  for  the  base  and 
subgrade,  but  the  effect  is  minor  as  creep  is  small  in  these  materials. 

Sufficient  information  has  been  accumulated  in  the  storage  arrays 
at  this  point  in  the  program  from  which  to  calculate  the  permanent 
deformations  that  occur  at  the  surface  and  under  the  center  of  load. 
Separate  calculations  are  made  for  each  interval  of  time  (usually  one 
month)  with  its  separate  value  of  temperature  specified  and  the  corres- 
ponding number  of  loads  or  traffic  during  that  time  interval. 

The  analysis  moves  forward  in  time,  using  consistent  revised  load 
duration  values  for  the  temperature  data,  the  number  of  cycles  that  have 
already  occurred  at  the  beginning  of  the  time  interval  and  those  that 
will  occur  during  the  time  interval  to  predict  the  accumulation  of 
permanant  displacements  (rutting)  at  the  surface  since  construction. 
Printout  of  these  values  may  be  made  at  points  in  time  specified  by  the 
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computer  program  input  TRAND0M. 

The  prediction  of  slope  variance  required  for  the  AASHO  equation 
for  present  serviceability  index  is  obtained  by  statistical  means  on  the 
basis  of  the  stochastic  input  variables  according  to  the  following 
equation: 


E[SV]   = 


2B 


2       2 
V[GNORMAL]   (E[RD]    +  Var[RD]) 


(21) 


where: 


E[SV]   -   Expected  slope  variance  (radians  x  10  ) 

=  mean  slope  variance 

B  =  Materials  variable  called  C0RLC0EF  for  which  the 

value  1  may  be  used 

C  =  Material  variable  called  C0RLEXP 

V[GN0RMAL]  =  Coefficient  of  variation  for  the  array  of  curve- 
fitted  Dirichlet  coefficients  for  normal  time- 
dependent  deflections  at  the  surface  as  a  function 
of  load  duration. 


E[RD]      =  Mean  rut  depth 

Var[RD]     =  Variance  of  rut  depth 

The  variance  of  slope  variance  is  predicted  as 
2 


16B 


Var[SV]  - 


V[GN0RMAL] 


E[RD] 


Var[RD] 


(22) 


The  very  complex  and  laborious  derivations  of  these  equations  are 
based  on  probability  theory  and  appear  in  Reference  31. 

The  rutting  model  for  PDMAP  predicts  seasonal  rate  of  rutting  for 
permanent  deformation  per  equivalent  load  application  as  a  function  of 
the  following  variables : 


■'•Soussou,  J.E.,  F.  Moavenzadeh,  and  H.K.  Findakly,  "Synthesis  for 

Rational  Design  of  Flexible  Pavements,  Part  II",  FHWA  Contract 
No.  FH-11-776,  January  1973. 
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1.  The  elastic  deflection  at  the  surface  of  the  pavement  under  an 
18-kip  (80  kN)  axle  load. 

2.  The  vertical  compressive  stress  of  the  asphalt  concrete  under 
an  18-kip  (80  kN)  axle  load. 

3.  The  total  equivalent  number  of  18-kip  (80  kN)  single  axle 
loads  up  to  and  including  the  season  for  which  rate  of  rutting 
is  to  be  calculated. 

The  model  considers  seasonal  changes  in  the  elastic  constants  used 
for  the  various  layers  and  takes  these  into  consideration  as  it  accu- 
mulates rutting  with  time.   The  rutting  predictions  are  displayed  at 
different  confidence  levels  on  the  basis  of  the  stochastic  characteris- 
tics of  the  elastic  materials  characterizations. 

Fatigue 

Fatigue  calculations  for  estimating  damage  due  to  cracking  are 
considerably  less  complex  than  those  for  rutting.   Damage  may  be  accumu- 
lated according  to  Miner's  Hypothesis  as  follows: 

K2 

D.   =   E  -i  =   I   -^ A.  (t.  -  t.   )  (23) 

1     .  ,    N.     .  ,    Ki      ix    l-l 
J     1=1   1     i=l     -Li 


where: 


n.   =  Number  of  load  cycles  during  the  ith  time  interval 

"  Xi  (ti  -  '!-!> 

N.   =  Number  of  cycles  to  failure  under  temperature  and 
strain  conditions  of  the  ith  time  interval 

1   K2- 
=  Kb  (-±-)   Zl 


D.  =  Mean  damage  index  at  time  t. 
J  J 

e.  =  Mean  strain  during  the  ith  time  interval 
l 

A .  =  Traffic  rate  during  the  ith  time  interval 

t.  =  The  ith  element  of  the  TRAND0M  array,  t  =  0 
l  o 

K;l  .  =  Fatigue  relation  coefficient  for  ith  time 
interval  in  terms  of  temperature 
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K?   =  Fatigue  relation  exponent  for  ith  time  interval 
i    in  terms  of  temperature 


The  fraction  of  damage  or  cracking  induced  during  each  time  inter- 
val is  accumulated.   Cracking  failure  is  considered  to  occur  when  D.  =  1. 

The  coefficient  K  and  the  exponent  K~  that  define  fatigue  life  in 
relation  to  initial  strain  at  the  bottom  of  the  surface  layer  are  temper- 
ature dependent  and  different  values  are  input  for  each  temperature 
value  used. 

As  the  fatigue  materials  characteristics  are  treated  stochastically, 
the  actual  formulation  used  in  VESYS  IIM  is : 


J  -i       J  e  • 

E[D.]  =  £    n.   E[— —  ]  =      I  A.  (t.  -  t.  .)    -£—  + 


K2.       Var  K1± 


J    -,--1    ±  N-r       -.--1     ±        ±  i_1    Kl--         rv      \2 


i=l         i      i=l  xi 


Gov  [K1±,  K2.]  .  Xn  £i  +  ^  [K2.]   (^  e.)2 


CKi±)' 


(24) 


Kl± 


K2.   (K2.-1)  e.  (K2."2)Var[e.] 

+  __2- 1_    __3: I. 1 

2Ki. 

1 


Wh 


ere  Cov[Kt  ,  K   ]  =  covariance  of  Ki  .  and  K2 . • 

1  *-±  !  x 


This  is  the  expected  value  of  the  Taylor  series  expansion  for  D. 
about  the  means  of  Ki . ,  K2 .  and  e..   In  this  expression,  the  e.  are 
assumed  to  be  independent  of  the  K^ .  and  the  K2 . .   The  variance  of  D. 
(Var  [D.])  can  be  obtained  in  a  simxlar  fashion,  taking  the  second 
moment  about  the  mean  of  the  Taylor  series  expansion. 

It  is  assumed  that  D.  is  the  value  of  a  normally  distributed  random 

variable  with  mean  E[D.]  and  variance  Var[D.]  as  indicated  in  Figure  61. 

The  cumulative  distribution  function  (c.d.f.)  for  this  variable  at  a 

point  D  is: 
o 

J0   f(t)dt-    (2TrVar[Dj)-1/2        ?o        -      ^V^    dt 


)   )        f°   f(t)dt  =    (27rVar[Dj)       '  ro 

°         1  3  j 


2  Var    [D.]  (25) 
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where: 

f(t)  is  the  probability  density  function  (p.d.f.) 

of  damage  at  the  point  t  (assumed  normal) ,  and 

F(D  )  is  the  c.d.f.  of  damage  at  the  point  D 
o  o 

F(D  )  can  be  interpreted  as  the  probability  that  the  damage  index 
of  an  arbitrary  square  yard  of  the  pavement  surface  is  less  than  or 
equal  to  DQ .   Hence,  under  Miner's  Hypothesis,  F(l)  is  the  probability 
that  the  specimen  has  not  failed  (i.e.  does  not  exhibit  cracking  dis- 
tress).  Therefore: 

C  =  1000[1-F(1)]  (26) 

where: 

C  is  the  expected  area  cracked  in  square  yards  per  1000 
square  yards . 

The  present  serviceability  index  (PSI)  is  calculated  from  a  sto- 
chastic version  of  the  classical  AASHO  equation  that  yields  the  expected 
value  of  PSI  as  follows : 

E[PSI]  =  5.03  -  1.91  E[log    (1  +  SV)]  -  .01E[  C  +  P]  -  1.38  E[PJ)2]    (27) 

Var[SV].  log   e 

E[PSI]  -  5.03  -  1.91   log    (1  +  E[SV]) ±y- 

2  (1  +  E[SV]) 

-  01(E[C])1/2  -  1.38  (E[PJ)]2  +  Var[RD])  (28) 


where : 

SV  =  slope  variance,  radians  x  10 
RD  =  rut  depth,  inches 
C  =  area  of  cracking,  sq  yds/1000  sq  yds 


The  area  of  patching  and  the  variation  of  cracking  are  assumed  to  be  zero  in 
the  program  VESYS  A. 

The  fatigue  distress  model  for  PDMAP  is  very  similar  to  that  used 
in  most  fatigue  predictions,  except  that  an  additional  term  has  been 
added  to  take  into  account  the  effects  of  asphalt  concrete  stiffness. 
The  resulting  equation  is  as  follows : 
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I   K2-    Ti_r    K3  (2Q) 

N  =  K   e  JE*\  Uy; 

where: 

N  =  Number  of  Equivalent  18-kip  single  axle  loads  to  first  crack, 
K  ,  K  ,  and  K  are  fitting  coefficients, 

e  =  Maximum  tensile  strain  in  lower  fibers  of  asphalt  concrete,  and 
I E* |  =  Complex  modulus  of  asphalt  concrete. 


The  approach  taken  to  arrive  at  the  fitting  coefficients  for  Equa- 
tion (29)  is  aimed  at  overcoming  the  known  limitations  of  laboratory 
beam  testing  and  for  correlating  the  results  of  such  testing  with  field 
experience.   The  approach  taken  was  to  conduct  a  multiple  regression 
analysis  on  laboratory  beam  test  data  developed  by  Monismith  et  al 
(Ref.  40) 1  and  other  test  data  developed  during  the  NCHRP  1-10B  project. 
The  resulting  coefficients  for  K  ,  K  ,  and  K  were  14.82,  3.291,  and 
0.854,  respectively.   The  resulting  equation  grossly  underpredicts 
fatigue  life  (as  does  almost  all  data  from  laboratory  fatigue  tests 
data) .   "Shift  factors"  were  developed  on  the  basis  of  comparisons  to 
AASHO  Road  Test  results  to  extrapolate  those  data  to  field  conditions. 
The  results  of  this  study  indicated  that  it  took  13  to  18  times  the 
number  of  strain  replications  predicted  by  the  laboratory  fatigue  tests 
to  actually  propagate  cracks  to  the  surface  of  a  real  pavement.   These 
results  are  fairly  consistent  with  those  resulting  from  wheel  tracking 
tests  conducted  by  Shell  Laboratories  (Ref.  41). 2 

As  a  relationship  between  dynamic  modulus  and  temperature  was  known 
for  the  asphalt  concrete  used  in  the  AASHO  Road  Test  (Ref.  42),  it  was 
possible  to  compare  the  PDMAP  fatigue  cracking  relationships  on  the 
basis  of  varying  stiffness  to  those  developed  by  Rauhut,  et  al  (Ref. 
27) ,  on  the  basis  of  temperature.   It  was  found  that  the  variation  in 
predicted  fatigue  life  with  stiffness  or  temperature  was  much  smaller 
than  the  variations  found  by  other  researchers  for  seven  different 


Monismith,  C.L.,  J. A.  Epps ,  D.A.  Kasiancheck  and  D.B.  McLean,  "Asphalt 
Mixture  Behavior  in  Repeated  Flexure",  Institute  of  Transportation 
and  Traffic  Engineering  Report  No.  TE-70-5,  University  of  California, 
Berkeley,  1972. 

2Van  Dijk,  W. ,  "Practical  Fatigue  Characterization,  of  Bituminous  Mixes", 
paper  presented  at  the  Annual  Meeting  of  the  Association  of  Asphalt 
Paving  Technologists,  Phoenix,  Arizona,  February  1975. 
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materials.   Although  the  variation  in  predicted  fatigue  life  with  ma- 
terial stiffness  seems  to  be  much  more  limited  than  that  found  by  other 
researchers,  the  fatigue  relationship  at  70°F  (21.1°C)  is  quite  close  to 
that  one  selected  by  Rauhut,  et  al  (Ref .  27),  as  a  mean  fatigue  damage 
relationship  for  the  sensitivity  analysis  on  VESYS  IIM. 

The  structural  model  itself  has  several  useful  features  as  listed 
below: 

1.  The  stiffnesses  for  all  layers  are  input  as  variables.   The 
stiffness  for  the  asphalt  concrete  is  a  function  of  temperature, 
while  the  stiffnesses  of  base,  subbase,  and  subgrade  layers 

are  functions  of  either  lateral  stress  or  sum  of  principal 
stresses  at  the  selection  of  the  user.   This  allows  iterative 
solutions  to  compatibility  between  stiffness  and  stress  in  the 
soil  layers. 

2.  The  temperatures  of  the  asphalt  layers  are  calculated  from  en- 
vironmental data  based  on  the  Barber  method  (Ref.  43). 

3.  Coefficients  of  variation  for  the  stiffnesses  for  the  various 
layers  are  furnished  and  used  to  arrive  at  the  probabilistic 
response  predictions.   PDMAP  like  VESYS  A  produces  families  of 
predicted  responses  for  each  "season"  of  the  year  and  uses 
these  families  of  solutions  in  a  systematic  manner  to  predict 
distresses  with  time. 

It  is  believed  that  the  rutting  distress  model  has  some  limitations 
that  restrict  its  value  to  this  research,  such  as: 

1.  The  regression  model  is  based  entirely  on  elastic  material 
properties  and  elastic  responses  and  includes  no  permanent 
deformation  characterization  of  the  materials  at  all.   The 
consideration  of  the  permanent  deformation  characteristics  of 
materials  in  this  regression  model  are  entirely  implicit  and 
would  only  apply  directly  to  those  materials  in  the  pavements 
of  the  AASHO  Road  Test. 

2.  The  three  regression  coefficients  in  the  rate  of  rutting  in 
the  prediction  model  are  based  entirely  on  AASHO  Road  Test 
materials  and  conditions  and,  according  to  the  authors  of 
Reference  39,  require  reestablishment  for  use  under  other 
conditions . 

The  fatigue  cracking  distress  model  as  used  in  the  program  also  re- 
quires establishment  of  three  regression  coefficients.   However,  similar 
fatigue  damage  relationships  have  to  be  established  regardless  of  the 
model  considered  if  realistic  results  are  to  be  expected.   The  basic 
nature  of  each  of  the  four  fatigue  cracking  distress  models  under  consi- 
deration are  essentially  the  same. 
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Low  Temperature  Cracking 

Program  COLD  is  a  sophisticated  procedure  which  estimates  temper- 
ature and  thermal  stresses  in  the  pavement,  and  predicts  when  low- 
temperature  cracking  is  likely  to  occur .   Temperatures  in  the  pavement 
are  estimated  at  two-hour  increments  for  each  day  included  in  the  study. 
Strength- temperature  relationships  are  provided  as  input  to  the  program 
and  are  compared  with  the  thermally  induced  stresses  at  two-hour  inter- 
vals.  The  program  indicates  the  expected  time  at  which  low- temperature 
cracking  will  occur.   The  materials  inputs  for  Program  COLD  include 
absorbitivity ,  emissivity,  and  convection  coefficient  of  the  surface; 
thermal  conductivity  of  the  material  (both  unfrozen  and  frozen) ;  heat 
capacity  of  the  material  (unfrozen  and  frozen) ;  dry  density  and  moisture 
content  of  the  materials;  thicknesses  of  the  layers;  and  both  stiffness 
modulus  and  strength  values  as  functions  of  temperatures. 

The  low- temperature  cracking  model  used  in  VESYS  A  was  developed  by 
Haas  and  Hajek  (Ref.  32)  1 .   While  this  model  does  a  relatively  acceptable 
job  of  predicting  low  temperature  cracking,  it  is  based  on  multiple  re- 
gressions for  pavements  in  Canada  alone  and  uses  the  five  following 
parameters: 

1.  Age  of  pavement. 

2.  Thickness  of  the  bituminous  layers. 

3.  Subgrade  soil  type  in  a  numerical  code. 

4.  Winter  design  temperature. 

5.  Stiffness  of  original  asphalt  cement. 

In  summary,  VESYS  A  is  perhaps  the  most  complete  flexible  pavement 
distress  model  in  existence  today  and  considers  a  broad  range  of  material 
properties  in  its  distress  subsystems.   Some  of  the  input  variables, 
such  as  those  for  the  permanent  deformation  characterizations  of  mater- 
ials, are  relatively  new  to  the  engineering  profession;  however,  these 
variables  are  not  new  to  the  project  staff,  since  they  developed  the 
available  data  for  these  parameters  in  two  previous  contracts  for  the 
FHWA  (Refs.  27  and  29) . 


^aas,  R.C.G.,  "A  Method  for  Designing  Asphalt  Pavement  to  Minimize 
Low-Temperature  Shrinkage  Cracking",  Research  Report  73-1,  The 
Asphalt  Institute,  January  1973. 
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JOINTED  CONCRETE  PAVEMENT 

The  FHWA  recently  conducted  a  study  involving  an  evaluation  of 
performance  requirements  and  capabilities  of  heavily  trafficked  conven- 
tional pavement  types  to  provide  premium  pavements  for  zero-maintenance 
(Ref.  22).   In  this  study,  field  surveys  were  conducted  on  68  in-service, 
heavily  trafficked  pavements  located  in  13  states.   According  to  survey 
results  and  from  interviews  with  state  highway  and  transportation  person- 
nel, the  major  distresses  found  that  required  or  received  maintenance 
for  jointed  concrete  pavements  were  transverse  cracking  and  faulting. 
Other  distresses  which  have  higher  frequency  occurrences  and  were  rated 
moderate  to  severe  include  "D"  cracking,  joint  filler  extrusion  and 
shoulder  distress. 

The  model  selected  to  analyze  jointed  concrete  pavements  is  the 
JCP-1  computer  program  developed  by  Darter  (Ref.  33) * .   This  model  is 
based  on  two  separate  analyses.   The  serviceability/performance  analysis 
will  predict  roughness  which  is  a  measure  of  the  above  listed  distresses 
combined.   The  fatigue  analysis  predicts  the  occurrence  of  transverse 
cracks.   The  following  paragraphs  briefly  summarize  the  JCP-1  design 
model. 

Serviceability  Performance  Analysis 

Data  taken  from  twenty-five  sections  of  the  original  AASHO  Road 
Tests  accumulated  by  the  Illinois  Department  of  Transportation  over 
sixteen  years,  plus  data  from  twelve  other  plain  jointed  concrete  projects 
located  around  the  United  States  were  tested  against  the  original  AASHO 
equation  as  modified  to  include  modulus  of  rupture,  modulus  of  elasticity, 
and  modulus  of  foundation  support.   Darter  found  that  the  standard  error 
of  the  estimate  (standard  deviation  of  residuals)  is  .31  for  log  W, 
which  is  the  logarithm  of  the  number  of  18-kip  (80  kN)  equivalent  single 
axle  loads,  to  reduce  the  initial  serviceability  index  of  a  given  value 
to  a  specific  terminal  serviceability  index.   This  standard  error  is 
considerably  larger  than  the  error  based  on  only  the  results  from  the 
limited  two  year  road  test,  which  was  0.22. 

An  approach  similar  to  that  used  to  develop  the  original  AASHO  Road 
Test  Equation  was  used  to  develop  a  modified  equation.   Using  data  from 
the  25  sections  of  the  original  AASHO  Road  Test  and  data  from  12  other 
plain  jointed  concrete  pavements,  the  new  serviceability  index  equation 
becomes : 


barter,  M.I.,  "Design  of  Zero-Maintenance  Plain  Jointed  Concrete 
Pavement,  Vol.  1  -  Development  of  Design  Procedures",  Report 
ZM-2-77,  prepared  by  the  Department  of  Civil  Engineering,  Univer- 
sity of  Illinois  at  Urb ana- Champaign,  prepared  for  the  FHWA, 
June  8.  1977. 
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W*   =  [p  ln(^  -  1)  +  6]106  (30) 

lo         y 


where: 


W'   =  total  equivalent  18-kip  (80  kN)  single  axle  loads  to  reduce  the 
serviceability  index  from  Pi  to  P2. 

3  =  50.08826  -  3.77485H  +  30.64386  H 

p  =  6.69703  +  0.13879H2 


3  0 

y  =  P2  +  1,     -  -      -PI 

(e)-B/P  +  1 


P2  =  terminal  serviceability  index 

PI  =  initial  serviceability  index 

H  =  PCC  slab  thickness ,  inches 

The  above  equation  was  extended  to  consider  K  -  value  and  PCC 
modulus  of  rupture  by  using  Westergaard's  equation  for  edge  loading  and 
Spangler's  corner  equation.   The  final  equation  becomes: 

F28  4  log[8-78f°'75]-K).359 

log10W18  -  log10W'8+(3. 893-0. 706P2) log   (^) n.25,„  ^OL     (31) 

4  l°g[(Z)   M  (°-540H ^1+0.359 

in  which: 

M  =  1.6a2  +  H2  -  0.675H 

a  =  radius  of  applied  edge  load,  inches 

F28  =  modulus  of  rupture  used  in  design  (28  day,  3rd  point  load 

adjusted  for  variability)  =  FF-C  (Fcv)FF 

100 

FF  =  means  modulus  of  rupture  at  28  days,  3rd  point  load,  psi 
Fcv  =  coefficient  of  variation  of  modulus  of  rupture,  percent 

C  =  1.03,  a  constant  representing  a  confidence  level  of  85  percent 
Z  =  E/k 
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E  =  modulus  of  elasticity  of  PCC,  psi 

k  =  modulus  of  foundation  support  on  top  of  subbase,  psi 

Predictions  of  load  applications  using  the  AASHO  equation  and 
Equation  30  are  shown  in  Figures  62  and  63,  respectively.   Data  obtained 
for  Equation  30  show  a  better  correlation  than  the  original  AASHO  equation. 
Figure  64  shows  the  graphical  solution  of  Equation  31. 

Fatigue  Damage  Analysis 

The  development  of  the  fatigue  damage  model  is  based  on  the  fol- 
lowing criteria: 

1.  Critical  stress  used  for  the  fatigue  analysis  is  located  at 
the  slab  longitudinal  edge  midway  between  transverse  joints. 

2.  Critical  edge  stresses  caused  by  both  traffic  loads  and  ther- 
mal gradient  curl  are  considered. 

3.  Both  load  and  thermal  curl  stresses  are  computed  using  a 
finite  element  program. 

4.  The  proportion  of  traffic  occurring  near  the  slab  edge  is  used 
in  the  fatigue  analysis. 

5.  Concrete  strength  changes  with  time  and  thus  the  fatigue 
analysis  must  be  time  dependent. 

6.  Fatigue  "damage"  is  computed  according  to  the  Miner  hypothesis. 
The  procedure  used  for  the  fatigue  analysis  is  as  follows : 

(1)  Select  trial  slab  thickness 

(2)  Compute  fatigue  damage  by  the  following  equation: 

k=p   j=2   i=m 

D  =   E    E     E    ijk  (32) 

k=l   i=l   i=l  N.M 
ijk 

where: 

D  =  fatigue  damage 
k=p 

E   =  accumulation  of  traffic  from  the  1st  month  to  the  final  month 
k=l 
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3=2 
Z   =  accumulation  of  traffic  for  one  day  and  night 

j=l 

i=m 

E   =  accumulation  of  total  number  of  single  and  tandem  axle 
i=l   load  groups 

n..=   actual  load  application 
ljk 

N..  =   allowable  load  applications 
ljk 

(3)   n. .,  is  computed  by  the  following  equation: 

n.    =  (ADTm)(T/100)(DD/100)(LD/100)(A)(30) 

(P/100) (C/100) (DM/100) (TF/100) (CON/100)  (33) 


where : 

ADTm  =  average  daily  traffic  at  the  end  of  the  specific  month 
under  consideration 

T  =  percent  trucks 

DD  =  percent  traffic  in  direction  of  design  lane 

LD  =  lane  distribution  factor,  percent  trucks  in  design 
lane  in  one  direction 

A  =  mean  number  of  axles  per  truck 

P  =  percent  axles  in  ith  load  group 

C  =  percent  of  total  axles  in  the  lane  that  are  within 
6  inches  of  the  edge 

DN  =  percent  of  trucks  during  day  or  night 

TF  =  factor  to  either  increase  or  decrease  truck  volume 
for  the  specific  month 

CON  =  1  for  the  single  axles ,  2  for  tandem  axles 


(4)   N    is  computed  using  the  following  equation: 
xJk 
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log  N  =   16.61   -   17.61    (qtot) 

ljk  F  (34) 

where : 

F  =  modulus  of  rupture  of  PCC 

a    =  a,   ,  +  R  a   .,  . 
tot    load      curling 

R  =  adjustment  factor  for  curling  stress  so  that  it  can  be 
combined  with  the  load  stress. 

The  curling  stress,  a    , .   ,  and  the  load  induced  stress,  a,   .  are 

curling  load 

calculated  by  regression  equations  in  the  computer  program,  which  are 

based  on  analytical  solutions  from  a  finite  element  program. 

The  total  accumulated  fatigue  "damage"  from  the  opening  of  each 
project  to  traffic  until  the  date  of  survey  was  computed  using  the 
computer  program  JCP-1.   A  plot  of  cracking  index  (ft/1000  ft  )  versus 
total  accumulated  fatigue  "damage"  is  shown  in  Figure  65.   The  relation- 
ship between  slab  cracking  and  computed  fatigue  "damage"  indicates  that 
a  correlation  exists  between  transverse  slab  cracking  and  computed 
fatigue  "damage"  in  the  slab . 

The  amounts  of  probable  transverse  cracking  for  various  accumulated 
"damage"  determined  from  the  curve  fit  through  the  data  is  as  follows: 


Example  for  L=15  ft 
Percent  Slabs  Cracked 

0 

0 

2 
17 
30 
45 

1  foot  =  0.305  cm.  1  sq.  ft.  =  .093  sq.  m. 

CONTINUOUSLY  REINFORCED  CONCRETE  PAVEMENT 

The  major  distresses  commonly  found  in  continuously  reinforced  con- 
crete pavement  can  be  identified  as  fatigue  cracking,  low-temperature  and 
shrinkage  cracking,  punchouts,  spalling  and  steel  rupture.   Fatigue  crack- 
ing due  to  repetitive  vertical  loads  will  be  analyzed  by  the  fatigue  model 
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described  in  Reference  34 1  incorporated  with  the  stress  analysis  by  the 
layer  program,  ELSYM5  (Ref.  35) 2.   Steel  rupture,  low-temperature  and 
shrinkage  cracking  will  be  predicted  by  the  computer  program  CRCP-2 
(Ref.  36) 3 ,  an  improved  version  of  CRCP-1.   Although  there  is  no  mechan- 
istic model  which  specifically  predict  spalling  and  punchouts,  results 
from  CRCP-2  analysis  which  includes  crack  spacing  and  crack  width  can  be 
correlated  with  these  distresses.   In  general,  wider  cracks  suffer  crack 
spalling  while  close  crack  spacing  induces  punchouts. 

Fatigue  Analysis 

The  fatigue  model  in  Reference  34  is  based  on  the  failure  criteria 
of  class  3  or  class  4  cracking,  as  defined  at  the  AASHO  Road  Test.   The 
fatigue  analysis  consists  of  predicting  axle  applications  to  failure 
using  the  following  equation: 

N  =  23,440  (f/a)3*21  (35) 

where: 

N  =  number  of  axle  loads  until  failure 

f  =  flexural  strength  of  concrete,  psi 

a  =  computed  stress  due  to  design  load,  psi 


The  stresses  needed  for  the  fatigue  analysis  can  be  computed  by 
elastic  layered  theory.   An  attribute  of  elastic  layer  theory  is  that 
all  the  layers  in  the  pavement  structure  can  be  characterized  indivi- 
dually and  their  separate  effects  on  pavement  responses  studied.   Stresses 
and  strains  predicted  by  elastic  layer  theory  are  spread  with  depth  in  a 
more  realistic  fashion  than  for  the  "plate  models"  and  it  is  relatively 


^reybig,  H.J.,  B.F.  McCullough,  P.  Smith  and  H.  Von  Quintus ,  "Overlay 
Design  and  Reflections  Cracking  Analysis  for  Rigid  Pavements, 
Volume  1,  Development  of  New  Design  Criteria",  Final  Report  No. 
FHWA-RD-77-66,  January  1978. 

2Ahlborn,  Gale,  "Elastic  Layered  System  with  Normal  Loads",  Institute 

of  Transportation  and  Traffic  Engineering,  University  of  California, 
Berkeley,  May  1972. 

3Ma,  J. CM.,  "CRCP-2,  An  Improved  Computer  Program  for  the  Analysis  of 
Continuously  Reinforced  Concrete  Pavement",  University  of  Texas  at 
Austin,  Master's  Thesis,  August  1977. 
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more  economical  to  operate.   The  primary  limitations  of  elastic  layer 
theory  are  its  inability  to  define  any  horizontal  boundaries  and  to 
simulate  directly  the  existence  of  variations  in  stiffness  in  the  pave- 
ment structure,  cracks  in  the  surface,  or  voids  under  the  surface  layer. 
Despite  these  limitations,  however,  elastic  layer  theory  offers  very 
useful  capabilities  for  prediction  of  bending  stresses  in  pavement 
layers. 

A  recent  study  conducted  by  Schnitter  (Ref .  37) ^   made  a  comparison 
of  various  layer  programs.   In  his  study,  Schnitter  operated  computer 
codes  for  ELSYM5,  LAYER5,  LAYER15 ,  LAYIT  and  BISAR  for  several  typical 
problems  over  a  range  of  conditions.   All  of  the  programs  gave  essentially 
the  same  results,  usually  within  one  percent  and  with  a  maximum  difference 
of  only  three  percent.   The  most  economical  program  for  use  was  LAYER5 , 
but  it  is  capable  of  handling  only  one  wheel  load  at  a  time.   Only 
ELSYM5  and  BISAR  can  handle  multiple  loads.   ELSYM5  is  more  economical 
to  operate  than  BISAR  and  five  layers  are  generally  sufficient  for  the 
problems  anticipated  in  this  project.   BISAR,  however,  can  consider  both 
variable  friction  at  its  interfaces  and  a  horizontal  load  applied  at  the 
surface,  so  it  may  have  utility  for  special  studies.   Based  on  the  study 
of  elastic  layered  programs  ELSYM5  was  judged  to  be  the  best  overall 
elastic  layer  computer  code  for  use  on  this  project. 

Low-Temperature  and  Shrinkage  Cracking 

The  dimensional  changes  in  a  continuously  reinforced  concrete 
pavement  caused  by  drying  shrinkage  of  the  concrete  and  temperature 
variation  after  curing  will  be  investigated  by  the  design  method  CRCP-2 
(Ref.  36). 

Figure  66  shows  the  geometric  model  used  to  develop  the  basic  equa- 
tions for  the  CRCP-2  design  method.  Due  to  the  accumulated  friction  and 
the  terminal  treatments  used  in  the  construction,  the  slab  model  assumes 
an  anchorage  at  each  end  so  that  the  pavement  within  the  anchorages  will 
maintain  a  fixed  length. 

The  difference  in  the  thermal  coefficients  of  the  steel  and  the 
concrete  together  with  the  drying  shrinkage  of  the  concrete  enable  us  to 
determine  the  internal  stress  in  the  reinforced  slab.   Figure  67  shows  a 
typical  thermal  contraction  model  at  a  fully  bonded  zone  on  a  frictionless 
base.   Using  the  friction-movement  characteristic  of  the  slab  and  the 


1Schnitter,  0.,  "Comparison  of  Stresses,  Strains,  and  Deflections 
Calculated  with  Various  Layer  Programs",  Pavement  Design 
Course  Term  Project,  University  of  Texas  at  Austin,  Spring, 
1977. 


223 


c 

V 

E 
«i 
u 


o 

c 

3 

9 
C 
O 


■<: 


(di 


c; 


i<t 


i 


# 


■»fc 


SS 


IX 


f . 


S 


S 


'A' 


\\\\WC\V\\\\<. 


Ix 


^VVtV> 


vCii. 


o 

E 


0) 

e 
o 
<v 

00 


c 
e 
> 
a 

4) 

a) 

a 
C 
o 
o 

(U 
(J 
M 
O 


o  C 

-  a) 

C  5-" 

■  j  m 


a) 

W) 
•H 


224 


'i 


/, 


A 


•  •* 


.  .  .-At. 


-  o. 
■j.. 


•V.- 


«c  =  aeAT. 


z  Tzzzzzzzzzzzzzzzzzzzzzzzzxm 


«,  =as  AT 


V- 


(a)  Steel  and  concrete  not  bonded, 


u 


CAt 


i — : 


•  At 


J 


(b)  Stegl  and  concrete  fully  bonded 


Figure  67     Behavior  of  a  reinforced  slab  subjected  to  temperature  drop 

(Reference  36) 
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soil  determined  in  laboratory  experiments,  the  degree  of  restraint  due 
to  the  soil  frictional  resistance  can  be  estimated.   By  assuming  equili- 
brium in  the  system,  the  stress  of  one  material  can  be  correlated  to  the 
stress  of  the  adjacent  materials.   Finally,  an  incremental  approach  was 
adopted  to  predict  the  formation  of  the  transverse  cracks  as  a  function 
of  time  by  comparing  the  concrete  stress  with  the  strength  of  the  concrete, 

In  the  development  of  the  model,  the  following  assumptions  were 
made: 

(1)  A  crack  occurs  when  the  concrete  stress  exceeds  the  concrete 
strength,  and  after  cracking,  the  concrete  stress  at  the 
location  of  the  crack  is  zero. 

(2)  The  concrete  and  steel  properties  are  linearly  elastic. 

(3)  In  the  fully  bonded  sections  of  the  concrete  slab,  there  is  no 
relative  movement  between  the  steel  and  the  concrete. 

(4)  The  force  displacement  curve  which  characterizes  the  frictional 
resistance  between  the  concrete  slab  and  the  underlying  base 

is  elastic. 

(5)  Temperature  variations  and  shrinkage  due  to  drying  are  uni- 
formly distributed  throughout  the  slab,  and  hence,  a  one- 
dimensional  axial  structural  model  is  adopted  for  the  analysis 
of  the  problem. 

(6)  Material  properties  are  independent  of  space. 

(7)  The  effects  of  creep  on  concrete  and  slab  warping  are  neglected. 

Spacing  of  transverse  cracks  that  occur  in  continuously  reinforced 
concrete  pavements  is  perhaps  the  most  important  variable  affecting  the 
behavior  of  the  pavement.   Relatively  large  distances  between  cracks 
results  in  a  higher  accumulation  of  drag  forces  from  the  subgrade  due  to 
frictional  resistance,  thus  producing  high  steel  stress  at  the  crack  and 
wide  crack  widths.   Closer  crack  spacing  reduces  the  frictional  restraint, 
thus  the  steel  stress  and  the  crack  width. 


JOINTED  REINFORCED  CONCRETE  PAVEMENT 

The  major  distress  found  in  jointed  reinforced  concrete  pavements 
are  similar  to  those  found  in  CRC  pavements.   Punchouts  however  are  more 
common  in  CRCP  than  in  JRCP  due  to  the  close  spacing  between  transverse 
cracks.   Low  temperature  and  shrinkage  cracking  will  be  analyzed  with 
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the  computer  model  JRCP-2  (Ref.  38) 1 .  Fatigue  cracking  can  be  inves- 
tigated concurrently  with  CRC  pavement  using  the  Layer  Theory  and  the 
fatigue  model  discussed  previously. 

Low  Temperature  and  Shrinkage  Cracking 

The  mechanics  of  the  dimensional  change  due  to  temperature  and 
moisture  variations  in  JRC  pavement  are  similar  to  that  in  CRCP.   The 
boundary  conditions,  however,  are  different.   Program  JRCP-2  developed 
by  Rivero-Vallejo  and  McCullough  (Ref.  38)  is  an  updated  version  of 
JRCP-1  and  uses  many  of  the  concepts  developed  for  CRCP-2 .   Two  models 
are  necessary  for  the  derivation  of  the  basic  equations  to  represent  the 
behavior  of  the  slab.   Before  the  occurrence  of  the  first  crack,  Model-1 
assumes  both  ends  free  as  shown  in  Figure  68.   After  the  first  crack  has 
developed,  Model-1  will  change  into  Model-1  plus  Model-2 .   The  portion 
of  the  slab  going  from  the  crack  to  the  free  end  will  have  one  end 
restrained  by  the  steel  at  the  crack  and  the  other  end  free.   A  problem 
of  bond  development  length  is  present  at  the  crack,  because  the  steel 
requires  some  finite  length  to  transmit  the  stress  to  the  concrete. 
Both  ends  will  contract,  but  the  one  with  the  steel,  in  a  fixed  condi- 
tion, will  have  more  restraint.   Consequently,  the  point  of  zero  move- 
ment will  be  more  towards  the  crack  side  as  represented  in  Figure 
68.   When  the  second  crack  develops,  the  portion  of  the  slab  from  the 
crack  to  the  mid-slab  will  be  the  same  as  the  CRCP  model  as  shown  in 
Figure  68.   JRCP-2  considers  the  frictional  resistance  of  the  subbase; 
the  stiffness,  tensile  strength,  and  the  shrinkage  coefficient  of  the 
concrete;  the  temperature  drops  anticipated  in  time;  the  slab  length; 
the  percent  reinforcement;  the  reinforcing  bar  diameter;  the  yield 
stress  of  the  steel;  the  elastic  modulus  of  the  steel,  the  unit  weight 
of  the  concrete;  and  the  ages  at  which  cracking  is  to  be  considered. 
Given  this  information,  JRCP-2  theoretically  will  proceed  with  analysis 
until  the  first  crack  forms  and  then  will  restructure  the  problem  for 
subsequent  consideration  for  the  formation  of  a  second  crack  between  the 
joint  and  the  first  crack.   The  output  includes  the  time  when  the  first 
crack  is  formed,  concrete  stress,  steel  stress,  joint  width,  and  crack 
width  as  a  function  of  time,  and  the  same  data  for  second  cracks  if  they 
are  formed.   A  summary  follows  of  the  basic  equations  developed  for  each 
model. 


Rivero-Vallejo  and  B.F.  McCullough,  "Drying  Shrinkage  and  Temperature 
Drop  Stresses  in  Jointed  Reinforced  Concrete  Pavement",  Report 
117-1,  Center  for  Highway  Research,  The  University  of  Texas  at 
Austin,  August  1975. 
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Figure  68   Crack  occurrence  in  a  JRC  slab   (Reference  38) 
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Model-1: 


(1)  Equilibrium 

fX  F.dx 
a  +  pac   -  -   X    =  0  (36) 

S      D 


(2)  Shrinkage  and  drop  in  temperature 

a        =     —  +  E    Z  +  AT(ac  -  as)  (37) 

c     n       c   L  J 


(3)  Friction 


da      -F.         -,  ^oqn. 

c  _    i         1  (38) 


dx       D       (1+pn) 
(4)  Concrete  movement 


a 

Y   =   fX  -^  dx  -  (Z  +  acAT)x  (39) 

c      -'  o  E 
c 


(5)  Joint  width 

AX  =  x  1^-  -   (Z  +  acAT)  I  (40) 


Model-2: 


(1)  Equilibrium 

/"X  F.dx 

a    +  pa       pa    +   (41) 

co       so       sc        ^ 
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(2)  Shrinkage  and  drop  in  temperature 


a 

a        =     -5-     +     E    [Z  +  AT    (as   -   as)]  (42) 

en  c 


(3)    Friction 


c  F 

=     -     i     v  1  (A3) 


dx  rT     X      (l+pn) 


(4)  Concrete  movement 

a 

Y   =   fX  ^  dx  -  (Z  +  acAT)x  (44) 

c      J  o  E 


(5)  Steel  boundary  conditions 

f3  °   dx  +/basdx  "  Esas   x   AT  (45> 


SUMMARY  OF  MODEL  STUDY  RESULTS 


The  available  pavement  structure  response  and  pavement  distress 
models  for  the  major  distresses  found  in  each  pavement  type  have  been 
discussed  in  detail  herein.   The  models  were  selected  as  best  suited  for 
the  prediction  of  the  assigned  distresses.   Some  distresses  have  not 
been  assigned  a  specific  model,  because  no  suitable  mathematical  models 
were  found  for  prediction  of  these  distresses. 
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APPENDIX  D 
EXPANDED  SEQUENCE  OF  DEVELOPMENT  FOR  SELECTED  DISTRESSES 


The  basic  sequence  of  pavement  distress  development  discussed  in 
Chapter  4  was  applied  to  each  of  those  distress  types  identified  in 
Chapter  2  as  having  the  highest  priority  for  further  study  in  this 
project.   At  each  step  in  the  basic  sequence,  an  attempt  was  made  to 
include  as  many  related  effects  and  interrelationships  as  possible. 

Flexible  Pavement  Distress 

The  distress  types  for  asphalt  concrete  pavements,  that  were  deter- 
mined to  be  most  significant  for  the  study  of  distress/performance  re- 
lationships, are  identified  in  Table  2  as  (1)  fatigue  cracking,  (2) 
rutting,  and  (3)  low- temperature  cracking.   Detailed  flow  charts,  illus- 
trating the  development  of  each  of  these  distress  types,  are  given  in 
Figures  69,  70,  and  71.   Note  that  these  figures  are  interrelated,  which 
is  an  indication  of  the  compound  nature  of  the  development  of  these  dis- 
tresses. 

Composite  Pavement  Distress 

Table  2  lists  the  most  significant  composite  pavement  distress 
variable  chosen  for  study  in  this  project.   The  highest  priorities  are 
assigned  to:   (1)  reflection  cracking,  (2)  fatigue  cracking,  and  (3) 
rutting.   Figures  72,  73,  and  74  demonstrate  the  development  of  these 
distresses.   Again,  the  cross-referencing  which  occurs  in  these  figures 
indicates  that  the  development  of  each  distress  type  is  interrelated  to 
the  development  of  the  other  distresses. 

Rigid  Pavement  Distress 

Table  2  lists  the  most  significant  rigid  pavement  distress  vari- 
ables chosen  for  study  in  this  project.   The  distress  variables  are  de- 
lineated by  type  of  rigid  pavement,  i.e.,  jointed  concrete  pavement 
(JCP) ,  jointed  reinforced  concrete  pavement  (JRCP) ,  and  continuously 
reinforced  concrete  pavements  (CRCP) .   Several  of  the  distresses  are 
common  among  these  types  of  concrete  pavement,  but  are  listed  at  a 
different  priority  level  and  therefore  occur  as  individual  entries  in 
Table  2.   The  common  elements  have  been  treated  within  the  figures 
contained  in  this  section  of  the  report  and  are  differentiated  only  if 
there  are  particular  features  of  the  action  of  a  type  of  pavement  that 
requires  amplification.   As  can  be  noted  in  Table  2,  the  following 
common  types  of  distress  variables  included  are:   (1)  faulting  -  joint 
and  crack,  (2)  fatigue  cracking,  (3)  spalling  -  joint  and  crack,  (4)  low 
temperature  and  shrinkage  cracking.   Other  distress  variables  listed  in 
the  table  include  D-cracking,  blowups  and  deep  crack  spalling. 
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Variability 


Wheel  Loads 


Material 
Characterization 


Environmental 
Effects 


Low-Temperature 
Cracking,  Figure  4.7 


Asphalt  Concrete 
Tensile  Strain 


Moisture 
Infiltration 


1 


Increased  Asphalt 
Concrete  Tensile 
Strain 


Crack  Initiates 


Increased  Moisture 
Contents  and/or 
Frost  Heave 


Crack  Propagates 
Toward  Surface 


Frost  Action 
and/or 
Moisture 
Migration 


Surface  Fatigue 
Cracks 


Continued 

on 

next   page 

Figure  69    Fatigue  cracking  development  in  an  asphalt  concrete  pavement 
structure  (after  Ref.59) 
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Figure  69  continued 


Material 
Saturation 


Moisture  Inf iltration 

Increased  Pore  Pressures 

Reduced  Moduli  Values 


Differential  Frost 

Heave  and /or 
Expansion  of  Soils 


Creation  of  Voids 
Beneath  Surface 
or  Base  Layers 


Pumping- 
Erosion 


Creation  of  Voids 
Beneath  Surface 
or  Base  Layers 


Increased  Asphalt  Concrete 
Tensile  Strain 


New  Cracks  Initiate 


Cracks  Propagate 
Toward  Surface 


Increased  Fatigue  Crackinj 
(Alligator  Cracking) 


Figure  69    Fatigue  cracking  development  in  an  asphalt  concrete  pavement 
structure  (continued) 
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Temperature  Variations 
Low-Tempera  ture . and 
Thermal  Fatigue 


Restrained  Thermal  Volume 
Change 


Variability 
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Asphalt  Concrete 
Tensile  Stress 


Crack  Initiates 


Crack  Propagates 

Toward  Bottom  of 

Surface  Layer 


Low- Temper a ture 
Cracking 


Figure  71    Low- tempera ture  cracking  development  in  an  asphalt 
concrete  pavement  structure  (After  Ref.59) 
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Wheel  Loads 
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Variability 
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acterization 


Environmental 
Effects 
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of  Soils 

' 

_ 
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Reflection 
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Figure  72    Reflection  cracking  development  in  a  composite 
pavement  structure  (After  Ref.59) 
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Figure  71 
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Figure  72 
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Migration 


Continued  on 
next  page 


Figure  73   Fatigue  cracking  development  in  a  composite  pavement 
structure  (After  Ref.59) 
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Figure  73   Fatigue  cracking  development  in  a  composite 
pavement  structure  (continued) 
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A  series  of  figures  have  been  included  to  indicate  the  general  de- 
velopment of  each  of  the  types  of  distress  variables  included  in  this 
study.   It  can  be  noted  that  several  of  the  figures  utilized  information 
contained  in  previous  figures  and  are  shown  as  references  to  previous 
figures  in  this  chapter.   The  figures  have  been  prepared  to  indicate  the 
general  types  of  factors  that  enter  into  the  production  or  development 
of  each  of  the  types  of  distress.   Figures  75  through  81  contain  the 
flow  diagrams  showing  the  steps  in  the  development  of  the  various  dis- 
tresses in  the  portland  cement  concrete  pavements  considered  important 
in  this  study. 
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Figure  75     Low  temperature  and  shrinkage  cracking  development  in  a 
PCC  pavement  structure. 
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Figure  76     Development  of  joint  and  crack  surface  spalling  in  JCP 
and  JRCP  structures 
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Development  of  crack  spalling  in  CRCP  structures, 
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Figure  78    Development  of  faulting  at  a  joint  or  crack  in  a  PCC 
pavement  structure 
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Figure  79      Fatigue  cracking  development  in  a  PCC  pavement  structure, 
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Figure  79      Fatigue  cracking  development  in  a  PCC  pavement  structure 
(continued) . 
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1.  Improved  Highway  Design  and  Operation 
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Safety  R&D  addresses  problems  associated  with 
the  responsibilities  of  the  FHWA  under  the 
Highway  Safety  Act  and  includes  investigation  of 
appropriate  design  standards,  roadside  hardware, 
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Improved  Operational  Efficiency 
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operational  efficiency  of  existing  highways  by 
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the  quality  of  the  human  environment.  The  goals 
are  reduction  of  adverse  highway  and  traffic 
impacts,  and  protection  and  enhancement  of  the 
environment. 
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latest  technological  advances  in  structural  and 
hydraulic  designs,  fabrication  processes,  and 
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Construction 
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reduce  energy  consumption,  conserve  dwindling 
resources,  and  reduce  costs  while  improving  the 
quality  and  methods  of  construction. 

7.  Improved  Technology  for  Highway 
Maintenance 

This  category  addresses  problems  in  preserving 
the  Nation's  highways  and  includes  activities  in 
physical  maintenance,  traffic  services,  manage- 
ment, and  equipment.  The  goal  is  to  maximize 
operational  efficiency  and  safety  to  the  traveling 
public  while  conserving  resources. 

0.  Other  New  Studies 

This  category,  not  included  in  the  seven-volume 
official  statement  of  the  FCP,  is  concerned  with 
HP&R  and  NCHRP  studies  not  specifically  related 
to  FCP  projects.  These  studies  involve  R&D 
support  of  other  FHWA  program  office  research. 
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